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Abstract
Tbis thesis is concerned with measurements of rates of ionisation 
of weakly acidic ketones, both by following rates of detritiation and 
also indirectly by rates of bromination using a powerful base (hydroxide 
ion) as catalyst. Some work has also been done in concentrated salt 
media.
The first chapter is devoted to an account of the discovery and 
properties of the two hydrogen isotopes, deuterium and tritium* The 
methods of analysing these two isotopes are discussed and particular 
attention is given to the rapidly expanding use of the liquid 
scintillation method for tritium analysis.
The introduction begins with a discussion of the current theories 
of kinetic isotope effects as based on the absolute rate theory. The 
possibility of quantum mechanical effects being an important factor in 
the rates of proton transfer reactions together with the consequences 
of this (in particular the possibility of observing deviations from the 
Arrhenius equation) are given due consideration. A survey of the 
literature has shown that kinetic isotope effect data tends to be 
somewhat fragmentary and points to the need to study the variation of 
isotope effect either as a function of modifications in structure of 
the substrate or alternatively as a function of the nature of the
i j . . ' ‘ •
catalyst whose object it is to remove- the proton.
The experimental section deals with the procedure adopted to 
follow the rates of proton and triton abstraction and provides details 
of the preparation of the labelled acetophenones together with the 
difficulties encountered in some of them for analysing their tritium 
content. As the kinetic isotope effect for acetone contains a 
secondary contribution as well as a primary the very high value of 
allows this ratio to be determined directly by using a 
GH^COCH^CD^GOCD^ mixture.
The results given in Chapter A are arranged in tabular form and 
where other work has been done a comparison made. For the series of 
para« and meta- substituted acetophenones a qualitative description as 
to the position of the proton in the transition state agrees with the 
observed trend in isotope effects. Because of the inherent difficulties 
in formulating a quantitative approach this has been less successful.
For the series of ortho^substituted acetophenones individually 
distinctive values dependent upon the strength of the steric effect are 
obtained. A method is introduced whereby a good estimate of the acid 
strengths of the acetophenones can be made. Gurvature of an Arrhenius 
plot is obtained for ortho~ methyl acetophenone and phenyl isopropyl 
ketone but only in the former case is it likely to be due to quantum 
mechanical tunnelling of protons through the energy barrier.
The possibility of studying proton transfer reactions below 0°C by 
the use of large concentrations of salt led us to study the effect of 
added salts on the rates of ionisation and the results are explained in 
terms of ion*»association.
CHAPTER 1 
HYDRO G-M AND ITS ISOTOPES
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1*1 Isotopes
The accurate determination of atomic weights of the elements 
1
indicated that Front*s suggestion "that atoms of all elements are
built up from hydrogen atoms”, was inadequate. Further supporting
evidence for this viewpoint came with the discovery of radioactivity;
the end products of the uranium and thorium decay series were identified
as lead but having atomic weights of 206 and 208 respectively. This
2
and other findings, led Soddy to propose the concept of isotopes as .
species which occupy the same place in the periodic system and which
are chemically identical, but are physically distinguishable because of
small mass differences. The difference was subsequently ascribed to
the presence of different numbers of neutrons in the nuclei. A few
3
years later J.J. Thomson demonstrated that neon consisted of two isotopes
4
of mass 20 and 22, and Aston using the mass spectrograph firmly established 
the existence of isotopes of many light and heavy elements.
la 2 fjyflrogen Isotopes
The existence of the hydrogen isotope of mass 2, now known as
5
deuterium, was predicted by Rutherford and with more certainty by 
6 ?Birge and Menzel . Urey and coworkers isolated deuterium in quantities
sufficient for analysis by repeated electrolysis of water.
Tritium, the isotope of hydrogen with mass number 3 was discovered 
8
by Rutherford in his observations that the bombardment of deuterium by
-4-
deuterons formed both neutrons and protons and thus by inference 
concluded that both helium 3 and hydio gen of mass 3 were formed. It
remained for Alvarez to prove that it was tritium that was radioactive.
Because hydrogen is the lightest element the mass ratio of its 
isotopes are unusually largej this inequality is largely responsible 
for quantitative differences that exist between the isotopes, now 
known as isotope effects, and illustrated by the data in Table 1.1.
10
Table l.j physical properties of molecular Tfydrogen
property
— 1
HD d 2
. .. . " " ■l'*1 ?
I
T \
Boiling point °IC 2 0 .3 9 22.13 23.67 25.04
Latent heat of 
vaporisation cal/mole 216 293 533
i: Critical volume cm^/mole : 65.5 62.3 60.3 **
Temperature at 
triple point °K 13.96 16.6 18.73 20.62
Density of liquid gm/cc* 0.08 - 0.170 0.182
Entropy S° cal/mole^&egrso ! 31.23 34.39 3^62 j 39.39
A further difference stems from the fact that tritium is radioactive
and decays by (3 emission with a half-life of 12*36 t  0*01 years. The
3
specific activity of tritium gas is 2.57.0/^ (S.T.P.) and the maximum 
energy of the p emission is 18 Kev.
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1 »3 Methods of Analysis
In the case of deuterium a number of methods are available, the
most prominent being mass spectrometry, infra-red and nuclear magnetic
resonance measurements* Unfortunately these either involve expensive
equipment or the analytical procedure is time consuming and best suited
to materials in a specific form (frequently water). In this respect
11
the infra-red method of determining the deuterium content of water .
r»l
is both precise and rapid, with advantage being taken of the 3kX)Q cm 
absorption band of EDO to detect light hydrogen In heavy water, and the 
2620 cnT*** HDO band f or D20 concentrations less than 1$; it is claimed 
that the precision of the method is several times greater than that of 
mass spectrometry* Indirect methods of analysis are particularly 
suited to kinetic studies and are based on following the rates of 
halogenation or racemisation.
In contrast to the above, methods of tritium analysis depend tipcat 
one property, namely its radioactivity. Initially the preferred methods 
were windowless gas flow counting, proportional and ionisation current 
measurements, which were in turn succeeded if the sample were solid or 
liquid by the liquid scintillation technique.
3*°^  Comparison of Deuterium and Tritium
To some extent the use of deuterium or tritium as a tracer for 
hydrogen is governed by the particular requirements of the problem at
hand* Nevertheless it is possible to say that because -tritium is
radioactive it does offer a distinct number of advantages; in particular
because it is a radioisotope readily produced by Li^(n,a)l# reaction, it
is available at low cost (£lo/curie) and high specific activity, whilst
the weak (3 radiation emitted reduoes the amount of shielding required*
One consequence of the latter is that its short range (0*8 mg/on2) in
photographic emulsions permits high resolution in autoradiographic 
12
studies *
Ac a consequence cf the inherent sensitivity of the radio-tracer 
method it is found that whilst deuterium can be diluted with hydrogen 
by a factor of before the accuracy of analysis becomes impaired, 
the corresponding value for tritium is 10*^ to lO'P' with concentrations 
as low as 0 * Olp. curie /gram being readily measured* T* or measurements 
involving the use of labelled compounds it is frequently necessary for 
the material to be fully deuterated and this requires stringent 
conditions for the removal of trace quantities of hydrogen; on the 
other hand tritium is invariably used in low concentrations and this 
can lead to simplifications as for example in the kinetics of reactions* 
The preparation of highly active tritiated compounds does introduce 
the possibility of radiation decomposition but this is compensated by 
the fact that tritium labelled compounds can be prepared by physical 
methods which involve an excitation and/or an ionisation process, and 
which are not adaptable to the corresponding deuterium compounds*
Tritium cannot be readily used for spectroscopic studies because of the 
high concentration required, in contrast to the large number of 
applications of deuterium in this field.
1.5 Liquid scintillation counting
The technique of liquid scintillation counting is now approximately j
fifteen years old although its prehistory began in the early days of nucleai
experimentation with the use of luminescent materials by Rutherford to
detect the presence of a particles. In the absence of a suitable
instrument to replace the human eye as a recording device the method
fell into disuse and it was only with the advent of photomultiplier i
tubes that interest was revived.
14 15
It was Kallman and Furst, and Reynolds who first reported that
dilute solutions of organic substances could act as scintillators and
subsequent developments have resulted in this becoming a comprehensive
and flexible technique for investigating radioactive isotopes by
intimately mixing them with an organic scintillator in a common solvent
system.
Definition of terms
A scintillator is any material which emits light when it interacts with 
radiation. The material may also be referred to as a phosphor or fluor, 
although the use of these terms is open to dispute.
The term solvent implies (a) a substance whose function is to take a
scintillator into solution and (b) a substance which can take part in
the energy transference process essential to the function of a
scintillator* A substance added to aid miscibility between a scintillator
solution and a radioactive sample also falls into this category. Of
the various solvents that have been tried the alkyl benzenes (in
particular toluene and p-xylene) seem to be the best. Partly because
of their poor resonance properties aliphatic solvents,with the notable
exceptions of p-dioxan, are rarely used. An interesting application
16
is the use of p»cymene as a solvent for radio~carbon dating . 
primary Solutes are the substances actively producing light quanta in 
the scintillator solution. Sometimes their emission spectra does not 
correspond sufficiently to the response range of the photomultiplier 
tube and a secondary solute (or wave length shifter) is added to improve 
the spectral match between the tube and scintillator solution.
Examples of widely used primary solutes are p.terphenyl,2,5,~diphenyl 
oxazole and 2® (A^bipheny 1)«5“*Pheny 1 1,3,4 oxadiazole, whilst 1,6 diphenyl,
1,3,5 hexatriene and (2*=(l«naphtbyl)*=5‘=,phenyloxazole) are used as 
secondary solutes^ the primary solute concentrations are usually in 
the range 3“7 grams/litre and the secondary solutes 0.05°0*5 grams/litre. 
The scintillation process
The first stage in this process is characteristic of the solvent 
and involves ionisation by the ionising particles emitted, with the
-9-
. i
formation of solvent cations. These combine with the energetic electrons
I
to produce the excited solvent* It is therefore necessary for any
solvent to he ahle to accept energy from ionising radiation and transfer j
it efficiently to the solute. The mechanism of this energy transfer !
17 |
has been the subject of much study, in particular by Hhyes and Kallman j
18 |
and Furst . Kayes holds the view that energy transfer occurs by a j
resonance interaction of surrounding molecules, one in an excited state i
and the other having its absorption spectrum overlapping the emission
spectrum of the first. Fallman and Furst have considered a number of
possibilities such as the transfer of excitation energy by migration,
diffusion or radiation and conclude that most of the energy is transferred
j
by the migration method from solvent to solvent molecule until this 
energy arrives close enough to a solute molecule for it to be transferred. [
The function of the secondary solute is to accept energy from 
the primary solute and emit it at a wavelength which corresponds more 
closely to the maximum of the photomultiplier cathode sensitivity. The 
photons emitted when the secondary solute returns to the ground state 
are collected at the photoQathod© where they are converted to photo-® 
electrons. These in turn are amplified by a factor of 10^ *=10^  in 
order to obtain a suitable pulse size; Some of the photons arising 
from the solute molecules will suffer absorption, scattering and 
reflection before reaching the photo cat hods and these effects, together 
with the degree of coupling at the interface between source and detector
-10-
will determine to a large extent the efficiency of detection*
Scope and Limitations
The widest applications have been in the measurement of the wealc 
(3 emitters and Inevertheless there are a number of limiting 
factors, the most important being the level of background radiation due 
to photomultiplier noise, cosmic radiation and phosphorescence from 
sources other than the scintillator solution* The higher this contribution 
then the more difficult becomes the measurement of low activities.
The presence of some materials in the scintillator system can 
interfere with the energy transfer process - such substances are said 
to be quenching agents and can be distinguished as either chemical 
quenchers which disrupt the transfer of energy from the isotope to the 
solute by absorbing energy themselves, or colour quenchers which produce 
coloured solutions ?;hich mask spectral emissions from the scintillator 
system*
For the counting of aqueous systems ethanol was originally used
as a blending agent, but recently this has been replaced by a system
19
developed by Kaufman in which the ethanol is discarded in place of a 
lOO grams/litre solution of naphthalene in dioxan. To incorporate other 
substances not miscible in the usual scintillator systems it may be 
necessary to emulsify the compound with a detergent such as Triton 1Q0X, 
or alternatively count the compound by making a suspension e*go by adding 
aluminium stearate as a gelling agent* By this latter modification such 
complex materials as milk and bone can be measured for their radioactivity 
content*
CHAPTER 2 
GENERAL INTRODUCTION
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2«X INTRODUCTION
jydrogen has and continues to play a unique part in the study of 
chemistry and this applies particularly to the case of solution kinetics 
where the cation derived from the hydrogen atom and known as the proton 
is the important entity* Because the proton also is unique in that 
it is the only singly Charged ion which has no electrons surrounding 
the nucleus those processes which can be classified as proton«transfer 
reactions represent a particularly simple kind of change* It is 
therefore unfortunate that until recently when new techniques have been 
developed, the amount of information available concerning the role of 
the proton in acid«base reactions was limited as these changes frequently 
occurred at very high velocities*
As kinetic problems are usually associated with the various 
forces that exist between compounds, it is natural that the primaiy 
consideration in any explanation should revolve around their magnitude 
which is governed by the electronic and nuclear charges rather than the 
masses* However, because the lightest nucleus known is that of the 
proton there are two issues in particular in which the mass effect 
becomes important* Firstly the combination of low mass and high force 
constant inherent in any bond formed by hydrogen results in the 
stretching frequency being Considerably higher than is the case for 
other bonds, and associated with this will be large vibrational quanta, 
k*cals./mole)u It therefore follows from a treatment of quantum
«*12-»
mechanics that if there are deviations from classical behaviour they will 
be particularly large for compounds of hydrogen. Whereas for most 
elements the mass ratios are close to unity and the frequencies low so 
that the isotopes differ but slightly in their chemical behaviour, the 
high frequencies of X-H bonds together with the large mass ratios of 
1:2;3 for hydrogen, deuterium and tritium ensure that hydrogen isotope 
effects are particularly large.
Secondly, although it is necessary to take into account the wave 
nature of the electron, it is customary and satisfactory to describe the 
motion of nuclei in terms of classical mechanics, Xn view of the small 
mass of the proton, this is not always correct for proton transfer 
reactions and calculations indicate that deviations, especially at low 
temperature may become appreciable. The phenomenon itself is known as 
the tunnel effect,
2*2 Theories of kinetic isotope effects
In any detailed theory of kinetic hydrogen isotope effects it is necessary 
to explain why, in general?bonds to deuterium have a lower ro&ctivity 
as compared to the corresponding bonds to hydrogen. From the above 
the magnitude of the isotope effect is likely to arise from a combination 
of three factors:« (a) the difference in zero point energy between a 
bond to deuterium and the corresponding bond to hydrogen, this in effect 
being a free energy difference, (b) the effect of the difference in
mass on the velocity of passage over the potential energy harrier, 
ana (c) the possibility of non-classical penetration of the energy 
barrier.
At or near room temperature almost all bonds are in the lowest 
energy state, and the vibrational energy is approximately the same as 
at the absolute zero. The zero-point energy (Eq) is related to the 
vibration frequency v of a bond by
where h is Planck1s constant.
For a harmonic oscillator, the vibration frequency of the bond is
where K is the force constant andju is the reduced mass which for 
comparatively heavy molecules containing hydrogen, deuterium and tritium 
is in the ratio of 1:2:3* Experimental observations show that the 
infra red stretching frequencies of X-H and X-D bonds are almost 
exactly proportional to the ratio of, the square roots of the masses of 
hydrogen and deuterium, implying that the force constant and therefore 
the potential energy curves for these bonds are essentially identical 
(Fig.2o&}'« It also follows that the zero point energy for a bond with 
deuterium will be less by a factor of J2 and that for a bond with 
tritium by a factor of 0* than the value for a bond with hydrogen.
In other words the difference in the zero-point energy of the X«H and 
X-D bonds will result in a difference in the height of the potential
Eq = y hr C D
(2)
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energy "barrier for reaction, and will result in a higher enthalpy of 
activation for reaction for the deuterium containing compound, the 
difference being
H
D , D H j.
= B0 " E S3 J hv (l«2 2) = 1*15 k. cals/mole and the
corresponding value for _A$ being 1.8 k, cals/mole. The resulting
H o
k-rr
value of the kinetic isotope effect n as obtained from
k
a—S as exp/ ) at 25° is 6.9 > the bond in question being
\  \  R®' /
carbon«hydrogen (deuterium) bond. For other bonds in which the non« 
hydrogen part is heavier there will be a corresponding increase in the 
value of the isotope effect, (That the hydrogen isotope effects are 
large compared to those obtained for other isotopes can be seen from Table 2 < 
TABt^2,l Estimated maximum ratios in specific rate constants at 25°.
’ .... " 1 ”
Stable isotope Tracer isotope
i
Ratio of rate constants 1
H1 B2
"
18,0
# H5 60.0
c12 G13 1.25
c12 1.50
Ik
N N16 1.25
O1^ 018 1.19
p3i P32 1.02
S^2 S33 1.05
x127 JL31! J- 1.02
The simplified picture given above neglects the zero«point energy 
associated with the transition state* Only in the case where the bond 
undergoing reaction is relatively weak in the activated complex in 
comparison to the reactants can this effect be ignored* This is 
because the weak bond in the activated complex reflects a low force 
constant, and since the difference in zero~point energy decreases with 
decreasing force constant, the difference in zero-point energy for this 
bond in the' activated complex will be small* The true activation energy 
difference is
D A E = E? - E J - E^++ S^0 o o o o
where + refers to the transition state% the data previously given for
the isotope effects should therefore constitute maximum values* Unlike
the difference Up *=» E^ - , E^+ -E^1" • cannot be obtained from spectro~o o o 0
scopic data, and its evaluation depends on a detailed knowledge of the
frequencies of the transition state which unfortunately are not accessible
experimentally and can not be calculated. This problem has been
20 21
approached by Bigeleisen and Melan&er and is an attempt at evaluating
the complete partition functions by means of a detailed theoretical
22
approach based on the absolute rate theory. In this theory the rate of 
passage.over a potential energy barrier is given by
-16-
where k is the rate constant^ x is the transmission coefficient, m is
the mass of the activated complex in the direction of reaction, 6 is
the length of the region characterising the activated complex, C is
the concentration of the latter, and CA and G the concentrations of the
A B
reactants. The ratio of the rate constants for a hydrogen compound 
and it deuterium analogue will be given by
k3- = ZH , CH « £ _ . ......................... (4.)
^  °D CA(H) '"bJ  5 H
B being the common reactant. Since the potential energy surface is
the same for the hydrogen and deuterium compound, 6 = 6 $  in
D H
addition the transmission coefficients may be assumed to be the same
and on replacing the concentration terms by free energy terms Equation(4)
becomes
ktI f f «D V
k -p+
D 1
The ratio
f/f+
is given by
(5)
+
£ . n ^ £ L  ^  l a e  ^  W Ui  (»)
f+ s H  u i(h) e ^  1 - *  * 1 «|~(d 7 “  T ^ a i n r
where and is equal to h(u\(H) » u^B))
&
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and the + notation refers to the transition state* It is assumed that
the ratio of the symmetry number cancel out*
Any calculation of the relative rates of the hydrogen compound 
and its deuterated analogue must of necessity make certain assumptions 
about the frequencies in the transition state. The problem is somewhat 
simplified if it is assumed that the non^reacting bonds in the molecule 
are not affected during reaction, so that only the stretching frequency 
of the bond undergoing reaction is considered* The simplest calculation 
is that which would be obtained if the isotopic atoms were essentially 
free in the activated complex and there were no bonding between the atoms 
undergoing reaction* In this case the total product term (Equation 6) 
of the transition state becomes unity as all the vf terms directly 
involving the isotopic atoms approach zero and all other frequencies 
in the deuterium transition state become equal to those of the hydrogen 
transition state. The equation for the maximum isotope effect then 
becomes
, d * v i  n  ^  i -ai( h)
H _f“D \ 1 i(D) e ^  1 - e
——  — *$4. i - -- Z'Z * • •  • • •  • • •  { i f
h> ^  U Ui(H) l - e Ui(D)
and the corresponding equation for ® can be written as
2 v t  r  V -
h A b0 = K T )  —  !ui(P) (e - 1) -
A T /i(H) t
• o • • • • (8)
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The last term in Equation (7) is equal to 1 up to about 400“500°C. As
the ratio of the vibrational frequencies for the bond to deuterium and
1
the bond to hydrogen is approximately this cancels with the mass
vy
factor, leading to the simplified equation
- 1  = eh (Vi(H> " vi(D) /2KT * ......................* (9)
15.
D
At higher temperatures all of the terms in Equation (7) will cancel
except for the ratio of the masses, so that the isotope effect will
tend towards a limiting value of 1*A under these conditions*
A second modification to the simplified picture given earlier results
from a consideration of the effect of isotopic substitution on the
second of the two constants of the Arrhenius equation k = Ae
namely the pre-exponential factor A. On a simple picture A is a
collision number or vibration frequency so that we should expect _£
1
to have values between 1 and ,—  • If it is necessary to consider the
v/2
reaction as a three centre one then the transition state treatment leads 
to the wider limits of •§• and 2, although these extreme values correspond 
to highly unlikely models for the reaction.
In summarising the above it can therefore be said that the major 
contribution to the kinetic hydrogen isotope effect, as based on a theory 
which assumes the vibrations to be simple harmonic, the transmission 
coefficients to be equal for the isotopes, and no contribution due to 
tunnelling, lies in the loss of a single stretching frequency and the
-19-
/Ab \
values obtained should be close to those given by expl — — J • Of
* RT /
these three assumptions it is the latter, namely whether the proton*s
passage through the energy barrier can be treated by classical mechanics
which is most questionable.
2*5 Quantum mechanical effects
The theories of chemical kinetics based on classical mechanics
assume that for reaction to occur, as illustrated by a particle of mass m
and energy ¥  moving toward an energy barrier of height E, the
permeability of the barrier (G-) [which is in effect a measure of the
probability that the particle can pass over the barrier] must have a
zero value for W i .E and G- = 1 for W^E. On the other hand the theories
based on quantum mechanics admit the possibility that the particles can
still react even if it has less energy than is required to surmount the
energy barrier* The difference stems from the wave«particle character
of matter* A particle of mass m and velocity V has a wave«length
given by X = when considered as a wave. It is to be expected
mv
therefore that the largest deviations should be apparent for particles 
°f low mass. In particular the wavelength associated with the movement 
of protons at room temperature is usually within the range 0*1~1*0A°, 
which is of the same order as the width of the energy barrier in a 
chemical reaction* Furthermore a lowering of temperature would favour 
the possibility of proton tunnelling! the much higher masses of the 
hydrogen isotopes ensure that the probability of tunnelling for them is
•*>20
considerably less (0*01^ of that of hydrogen for deuterium)*
The quantitative treatment of tunnelling depends on measuring 
the value of the permeability for barriers of different shape and in 
particular for the curvature at the top* Expressions for the probability 
of tunnelling through one dimensional barriers of artificial shapes such 
as rectangles, triangles and parabolas have been obtained* Recently 
Bell has obtained a solution to the problem of tunnelling through a 
one dimensional parabolic barrier. The tunnel effect correction in 
this case is
Qt =
Sin E^ 
2~
(10)
where U. = . _   i_
. K3? ^ “ *a(2m ) 2
E and a are the height and half-width of the parabola respectively* It
is actually the frequency with Y/hich a particle of mass m would vibrate
in a parabolic potential Y/ell having the same curvature as the barrier*
Expansion of Equation (lo) in powers of E gives
ut 7 V+
\ = 1 + S T + 57S0- * * * • • <2* ) • • • • • • (n)
InQ, a + — L. . . * # . (U <2x ) .............. (12)
2k 2880
24
The first term of the expansion is identical withWignerfs result but the 
validity of the above equations should extend to much higher values of E^*
~2U
25
Eckart has proposed a uni dimensional harrier which is nearer to 
physical reality and the variation of potential V with reaction coordinate) 
x is given by
V = — + - 2 Z — Z  * • * ...........................(«)
1 + { (1 +£•')
Ojr f
where^ = e /1q and C, D and b are constants* This barrier may either
be symmetrical or unsymmetrical, but unfortunately the expressions for
the permeability of such barriers and the correction factor are rather
complicated in form and unwieldy to handle as the integrals have to be
26 27
evaluated numerically* Shavitt, and Johnston and Rapp have published
28
in tabular form values of for a variety of conditions* Shin has
given approximate solutions in closed form for the unsymmetrical Eckart
.29
barrier whilst G-oldansld. has obtained a number of interesting relationships 
for the probability of tunnelling through potential barriers which may 
be formulated as superposition of two Morse functions and further, 
defined the conditions under which such barriers appear*
It is appropriate to consider at this stage the consequences of a 
tunnelling correction as applied to proton transfer reaction and secondly 
to kinetic isotope effects* The experimentally observable rate constant 
can be expressed as a function of temperature by the Arrhenius equation 
k =; Ae the corresponding classical constants being A^“ and E^*
The tunnel effect will manifest itself in such a way that
(1) the observed activation energy should decrease with decreasing 
temperature, leading to curved Arrhenius plots although this evidence 
taken in isolation cannot be taken as confirmatory evidence for tunnelling* 
Any curvature to be noticed would require accurate work over a wide 
temperature range*
(2) A should also be temperature dependent and both and
(3) as deuterium and tritium tunnelling corrections are unlikely to
kH kHbe significant abnormal values of -- • and -AL. should be obtained
%  kT
although the value of D should be close to the expected.
kT
(4-) should be larger than that given by the difference in
zero-point energies, and A <A , the limits previously specified being
d D
i  to 1. These observations would require accurate experimental data 
over a wide temperature range.
2*4 Deviations from the Arrhenius equation
In order that curved Arrhenius plots be taken as evidence for 
tunnelling it is best if values of the kinetic isotope effect can be 
obtained. Where this is not possible care must be taken that factors, 
other than tunnelling which can give rise to curved plots do not exist®
The familiar reasons for deviations in the Arrhenius equation can be 
considered under the following headings:
(i) Medium effects
The temperature variation of the physical properties of the solvent 
are obviously likely to affect the observed rate constants and so
-23-
influence the apparent activation energies of reactions in solution*
The variation of the dielectric constant, viscosity and solvent structure
as a function of temperature seem to he the most likely factors to
di?
contribute to the term • At the same time it is important to
d'T
realise that the activation energy itself is a composite function of
many terms each of which may be temperature dependent* Thus for
reactions in solution a term E arising from the vaiying degrees of
solvation of the reactants and transition state must be considered!
30
experimental evidence supporting this viewpoint comes from studies of
the solvolysis of alkyl halides where the activation energy is nearly
equal to the heat of solvation of the halide ions# Similarly the
reactions between methyl halides and hydroxide ions have activation
energies approaching the energy required to remove a water molecule
31.
from the hydration shell of the hydroxide ion.
For reactions involving ions in solution a considerable contribution
from the electrostatic interactions between the reactants can be expected!
dEfor reactions in solution not involving ions this contribution to ^  
is usually small (~ 1»3 cal# mole^degT^) but increases by a factor 
of ten as the forces involved in interionic reactions increase. further 
contributions to the energy term arise from the existence of repulsive 
forces between atoms or groups at close range, and a bonding term arising 
from the formation of new bonds in the transition state# Fundamental 
and complicated changes to the stricture of the solvent can result from
-24-
the addition of large quantities of salt to the solution, thereby 
ensuring the fluidity of the system at temperatures well below the 
freezing point,
(2) Thermodynamic effects
I?or a system at equilibrium, the variation in the equilibrium
constant as a function of temperature is expressed by = A.ff .
dT RT^
Consideration of the forward and reverse reactions making up the
equilibrium system yield two equations, <3. log ^
dT RT
• • a (llf)
d log k9 En
______ £. ^ - -4 + B
dT RT2
kl '
so that if = ic, Eg -=» = A h and B is an arbitrary constant
which was assumed to be zero by Arrhenius.
For most reactions A h varies slowly with temperature, and a
similar variation should be noted in the E term. The effect is usually
most narked for reactions in solutions and in particular where a neutral
or diffusely charged reactant interacts to give a considerably more
dT?polar transition state. The magnitude of —=— is usually within the
dT
range (30 100 cal. no3e degT ) and will therefore be detected only
when the experimental accuracy is high.
(3) Miscellaneous effects
A curved Arrhenius plot will arise if two processes of different 
activation energies are possible, or similarly if two consecutive
-25-
reactions having different activation energies occur* If the reaction 
is of a third order the temperature dependence can he expressed in the 
form
25
CT3 , so that a plot of log-Ak against *^ /m wouldk
exp " * °io
have a maximum at T „ V  1
" 3R . j
2,5 Correlation of Hydrogen Isotope effects j
It would he expected that as the same factors contribute to the j
I
value of k~H and a simple relationship between then should hold# 1
k_ k 52 1
Ihe following is an™ account which is similar to that g iv e n by Swain# ]
A proton transfer reaction can be represented as X » H(d ) + A + B*. #^ 1 Product^
A and B are other reactants, and k^ is the rate constant# It is j
assumed that all differences except those in zero~point vibrational • j
energy are insignificant, that isotopic substitution affects the j
vibrations of only the bond which holds the isotope and that this can j
j
be treated as a harmonic oscillator* No account is taken of the |
possibility of a tunnelling contribution* Iig0 2,2 gives a model for j
' |
the reaction and shows the transition state with the spring between j
protium and the rest of the nolecuie X broken, and the remaining two 
springs altered in strength# When using the hydrogen isotopes the 
force constants f , fv , fz, fv+ and f+ for vibrations in the directionsx «y ** jr x
indicated in Fig#2,2will be the sane, only the mass having changed*
r e a c t a n t TRANSITION STATE
F I G.  2-2 MODEL FOR COMPARISON OF ISOTOPE 
EFFECTS WITH DIFFERENT HYDROGEN ISOTOPES 
THE CLEAVGE OF THE X -H  BOND IS PICTURED 
FOR THE PROTIUM ISOTOPE.
k
The deuterium isotope effect ___ using Equation (9) is then:
V
1c ^
H _ | |we + - V+ - V + V )/  (15)
k ' ET DOT KT BJ 2 H
i- 1 Twhere V = ‘ J  - whioh is the frequency for the hydrogen
H3" ““ZCT p fflTr2k sit d
vibration of mode J and m is the mass of hydrogen whioh is used
H
instead of the reduced mass as X is assumed to be very heavy as compared 
to H. Equation (15) can then be presented as
i f F7 * f T z +V fv i  V f+ ] •h/4xKT
where E 2  5
Similarly the tritium isotope effect is
hi_ J (  ) - c x / "“t )] 
k = E  * ..............................( r )T
Since = 1.0081, m^ s 2*0147 and m^ =5 3*017
_ ( V  “H ) ” ly/
Jh. = hL.(v,/mH > - ivA)"
k_ k 
T p
i  k„
1.1*2
=? J L  ..........* .............................(18)
W
In other words the tritium isotope effect H Is 1,442 the power of the
k_
Ideuterium isotope effect.
Bigeleisen has also developed a theoiy in which tritium and 
deuterium isotope effects have been correlated and suggests that instead 
of the factor 1*442, the values should be within the limits 1*33 •* 1 »55»
It is likely that these relative isotope effects may be of some aid in 
identifying tunnelling contributions since the anomalously fast rate of 
protium will ensure that the ratio ln( kj/krpJ/lnCkg/kp) will be affectedc
'T’he ratio may also be of some.-aid. in characterising secondary isotope 
effects*
-28—
<2*6 Secondary isotope and solvent effects
Differences in reactivity between isotopic species in which 
hydrogen atoms apparently remote from the reaction centre are replaced 
by deuterium have been known for some time and are referred to as
secondary isotope effects. Many of these effects are large
/kH S# r—  1*2 » 3*4 j and have been useful in determining the importance
\ jD i
of hyperconjugative contributions in solvolytic reactions* The most 
logical way of treating the problem is by considering the deuterium 
substitution as a special case of a substituent being introduced. In 
the same way as secondary isotope effects arise in spite of the fact 
that the relevant X - H(D) bond is not broken In the transition state, 
a change in the nature of the solvent from E>0 to D^O will lead to 
differences in the rates of reaction although it takes no formal part 
in the reaction. Frequently the difference amounts to 20% - 40/£, 
the reaction being nearly always faster in Hp0| a likely explanation 
lies in the different solvating powers of H^O and D^O for the reactants 
and/or the transition state. An explanation of the isotope effects 
observed for a particular substrate will therefore be simplest when 
the results refer to the same solvent and where the isotope concerned 
is transferred in the rate determining step*
2«7 Statistical factors
In any computation of kinetic isotope effects it is necessaiy to
take into account the fact that the isotope undergoing reaction may not
have the same statistical chance of reacting as the second isotope* Thus
for the groups *»CH^  and Ciy) the removal of the deuteron is statistically
less likely than the removal of the proton*
The importance of such factors was first realised by Br/nsted while
comparing the catalytic constants of different acids and bases*
34
Initially Br/nsted and Pederson proposed a relationship between the 
strength of an acid or a base as determined by its ionisation constant 
and its efficiency as a catalyst determined by the observed rate constant 
for those reactions which are subject to general acid~base catalysis*
The general form of the equation is
k. = & K a , k = & KB .......................... (19)
& A A B B B
where k^ and kg are acid and base catalytic constants respectively, 
and G*^ , Gg, a and (3 are constants characteristic of the reaction, solvent 
and temperature* K^ and Kg are the acid and basic ionisation constants 
respectively. In order to make the above relationship directly 
applicable to a variety of acids and bases Br/nsted introduced a 
statistical correction which takes into account the number of equivalent 
protons present in the acid molecule and the number of equivalent 
positions where the proton could be accepted in the conjugate base.
-30-
The significance of the statistical correction becomes apparent 
by considering an example such as the two acids CH^(CI^)nC00H and 
C00H(CI^)nC00H; as n is large there is no mutual interaction between 
the end groups, and the tendency of the carboxyl groups to lose a proton 
will be essentially the same in the two acids. Nevertheless, the first
i»
dissociation constant of the dibasic acid (& ) will be twioe as great
as the monobasic acid since the ion G00H(CI^)nC00 can be formed by
losing a proton from either end of the chain. Similarly the catalytic
constant of the dibasic acid (k^) will be twice that of the monobasic
A
acid kA since in the former case the substrate can approach either 
end of the catalyst molecule. This is not what is predicted by
1 CL
Equation (19) which gives ^ / K?* \ a
kA I k  J
The correct result is obtained if both the dissociation constant and the 
catalytic power per carboxyl group are taken into consideration, i*e.
i kA = 5A (i a - G#* = kA ....................... (20)
In general if for a given catalyst p is the number of equivalent 
protons on the acid and q is the number of equivalent positions where 
a proton can be accepted in the conjugate base, Equation (19) can be 
written as
VP =  (21)•)*1
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In the procedure adopted by Benson stress is attached to the
intrinsic or chemical constants rather than the observed; in other
words the rate constant consists of a chemical and statistical part,
the latter being given by the ratio of the symmetry numbers# Thus for
4* * *
ionisation of E  ^  H + A ■ the rate constant is expressed as
k  s ^  j  k  , the  cf*s be ing symmetry numbers.
\ ”  / chemical,
The Br/nsted relation for general acid~catalysis assumes the form
W e a l  = M W c a l f  * • *  ^
a-HI ~
If however the activated complex can be produced in two forms that are
not identical but are mirror images of one another, this gives rise
36
to an error by a factor of 2, and Gold has suggested that this can be
+
corrected by taking <ry as
37
A recent account by Bishop and Laidler treat the problem more
1
from the statistical angle; for any reaction such as A 4- B ^  C 4- D,
r
1 is defined as the number of different sets of G 4- D that can be formed 
if all identical atoms in A and B are labelled, and r is equal to the 
number of different sets of A 4- B that can be formed if all identical
r 32-
atoms in C and D are labelled. The ratio l/r can then be shown
CTAcfB
to be equal to the ratio numbers. A number
of examples given illustrates inherent discrepancies in the statements 
of Benson and G-old and supports Br/nsted*s formulation.
2.8 Review of work done
A considerable amount of work has been done on the measurements of the
rates of proton transfer reactions and in a number of these the correspond**
ing rates as observed when deuterium is substituted have also been
38 39
measured! recent reviews by Wiberg and Westheimer deal with the subject
at some length and it becomes clear that before a quantitative
comparison of the results can be profitable account must be taken of
such factors as secondary isotope effects, nature of catalyst and whether
the reaction involves a pre^equilibrium as is often the case with acid
catalysis. The available evidence for the corresponding tritium
compounds is at present limited.
Most of the work refers to organic compounds which possess
weakly acidic properties, such as ketones, nitroparaffins, substituted
acetylenes, and esters. The rates of ionisation proceed at convenient
velocities and are frequently followed by indirect means, such as the
40
rates of halogenation (usually bromination). Thus Bartlett has reported
■ 41
a measurement on the halogenation of acetone as did Bell and Longue t« Higgins
42 k
subsequently Bell has obtained values of 10.2 and 11.9 for _J[ at 25
-33-
32
for 0H*~ and 0D~* catalysis respectively, in agreement with Swainfs
findings that the magnitude of the isotope effect increases with increase
in the strength of the base catalyst. Comparable values of 9*8 and 11*2
43
have recently been obtained by Jones who was also able to measure the rate
of tritium abstraction. Measurements by the latter showed Oh in D^O
to be a more effective base than is OH in H^O by a factor of 1^47 for
44
acetone and 1,28 for deuterated acetone, Pocker also obtained a value of
1,47 for acetone and this can be compared with 1,34 obtained by Halevi and 
45
Long for the base catalysed exchange of phenylacetylene, 1,36 and 1.39
46
for the similar reaction with nitro-isopropane and nitro-ethane respectively,
47
These results together with those of Riley and Long indicate that H^O
is a stronger acid than D^O by a factor of 5 - 6 as compared to a factor j
of 3 - 6 for the corresponding alcohols. In contrast to the high isotope I
44 j
effects observed by Bell and Jones, Pocker reports a value of 7*5 for
both 0H~ and 0D~ catalysis which is not appreciably different from the
48
value of 7 obtained by Reitz using an acetate catalyst. Recently the
49 0
bromination of acetone has been studied at low tempteratures (-25 C) by
kq q
using a 6.7 M sodium perchlorate medium, the value of r5—  at 20
D
being 11.4. A curved Arrhenius plot was observed in this work but was 
probably not due to tunnelling as the hexadeutero-acetone also gave a 
curved plot, although the latter evidence was only based on three experimental 
points.
50
The most thorough measurements yet made involve the system
2-carbethoxy cyclopentanone and it deuterated analogue, the temperature
covered being 10 - 70°C, The differences in the activation energies are
all greater than would be expected on current theories of isotope effects
and the observed collision factors are in every case greater for deuterium
■^ Dthan for hydrogen, especially in the case of fluoride ion where t— =24*
The observations are explained by supposing that the motion of the proton
is markedly non-classical in nature and this seems to be substantiated 
51
by later work in which it is found that the Arrhenius plots become curved
at low temperatures, a 5*2 M sodium bromide medium being used* Further
52 o /work showed that at -19*98 a value in excess of 10 for was obtained*
55
Preliminary results for the bromination of a number of nitro-
paraffins and their deuterated analogues yield values of 9*4, 9*5 and
7*5 for kg/kjj as substrate goes from MeNo^ to MeCS^O^ and Me^CHNO^
respectively, this being the order of decreasing reactivity. This is
one of only three studies in which the variation in isotope effects
has been obtained as a function of variations in the substrate structure.
54
The first referred to the work of Stei^ art and Lee for the oxidation of 
a number of substituted phenyltrifluoromethyl carbinols where values of 
kg/kp increased from 7.4 to 12.9 as the reactivity of the carbinol 
decreased by a factor of 50. This reaction probably involves the transfer 
of a hydride ion rather than a proton, but the principles involved should 
be similar. These results can now be supplemented by the findings of
55
Kresge for a series of transfers from protonated aromatics to water, where
-35-
the isotope effect goes through a maximum as the reactivity of
the substrate is increased.
For the few systems in which the variation of isotope effect 
Iz^ /kp with basic strength of catalyst has been reported the evidence shows
that it tends to increase with the strength of the base which is abstracting
56
the proton. In the zero-order bromination of nitromethane catalysed by
CH C0~, CH^CICO" and E^O, ^j/k^ values of 6.5, 4.3 and 3.8 respectively
57
serve to illustrate this. In a recent paper (in which both catalyst and
substrate were varied) the results for the bromination of ethyl a-methyl-
acetoacetate catalysed by six basic anions indicated a correlation between
the basic strength of the catalyst, the rate of proton transfer and the
magnitude of the isotope effect. In the iodination of nitropropane and
its deuterated analogue using a series of pyridine bases Funderburk and 
58 /
Lewis have observed verry large isotope effects (k^'kp 24) which are
held to indicate a relationship between steric hindrance and tunnelling*
Of the reactions studied in order to investigate the importance
59
of tunnelling and not mentioned in the above, the work of Shiner on the
base catalysed elimination of l-bromo-2-phenylpropane and its 2-deutero
analogue gave a value of 1790 cals/mole for E^—E^ and a value of 2.8
for the ratio b j Ag, latter being only slightly outside the specified
60
limits. Further work on the detritiation of the compound was necessary 
to confirm the occurrence of tunnelling. An instance of a non-linear 
Arrhenius plot has been given by Caldin^for the reaction between
hydrofluoric acid and the 2,4,6-tpinitrobenzyl anion in ethanol over
the range -90 to 25°* The results can be compared with those already
'62obtained for the reaction of acetic acid with the same anion. By fitting 
theoretical equations to the data values are derived for the dimensions of 
the energy barriers in these reactions. A curved Arrhenius plot has been
63
obtained by Hulett in the alkaline bromination of di-isopropyl ketone
and has been cited as evidence of tunnelling. This conclusion seems
64-
unlikely to be correct as the results of the detritiation of the same 
compound gave a low and nearly constant value of with the ratio
of the pre-exponential factors k ^ /k ^ close to amity.
65
In studies on methyl acetyl acetone values of 3*5 and 3*3
were obtained for catalysis by water and heavy water respectively. Also
32 /Swain has obtained a value of 10.2 for kg for the hydroxide ion
catalysis of a-phenylisocaprophenone, this being a particularly interesting
study as the rate of proton abstraction was followed by the change in
specific rotation. One consequence of the work done on acetone and the
nitroparaffins is the appearance of a '’secondary” isotope effect which
arises in the following manner - in a compound such as hexadeuteroacetone
all the deuterium atoms are equivalent to the one being removed but the
removal of any one of them is likely to be affected by the mass of the
53
others attached to the same carbon atom. Bell and Goodall have obtained 
a value of 1.15 per deuterium atom from experiments on the
-37-
ionisation of nitroethane by hydroxide ions, whioh is In close agree™
66
ment with that found by Streitwieser and Tan Sickle on substituting
43two deuteriums in the methyl group of toluene® The work of Jones
using CC^CO&^T seems to suggest a much smaller value (l,05~l*10).
Only in four cases is there sufficient experimental data for a
comparison of tritium and deuterium isotope effects, along the suggestion 
32
of Swain, to be made, Swain, in the acetate catalysed exchange of
a«phenylisocaprophenone obtained values of k A  » 10*2^ k / k  = 5*02,
67 ^ 5 "
theoretical k^/k^ = 10.2aWilzbach in the hydrolysis of triphenyl silane
at 25° observed a deuterium isotope effect of 1,152, the calculated
tritium isotope effect is 1,23 which is again in good agreement with the
60
observed value of 1.26. The work of Shiner gave the ratio of 
In (kj^Cj)/Ln ( k ) as 1®42, In the case of acetone secondary 
isotope effects complicate the issue,
2,9 Current state of topic
The data given above tends to be rather fragmentary and refers 
to substrates which usually have little in common to one another. Even 
in those cases in which structural modifications are made e.g. nitro™ 
paraffins the changes tend to be rather drastic. A whole spectrum of 
isotope effect values are obtained and as yet no theory is sufficiently 
developed to quantitatively explain the individual differences. The 
need for accurate experimental work covering a wide temperature range 
in order to observe quantum mechanical effects has been appreciated
although the number of instances in which the need for such a correction 
to the classical values is required remains small.
2.1Q Objects of present work
An examination of a number of systems was made in order to 
determine whether it would be possible to accurately determine the rates 
of proton transfer for them, and if so, whether the corresponding rates 
for deuterium and/or tritium could be measured. If this were possible 
there would be the following primary objects
(1) to see whether the variations in rate as a function of 
sensitive modifications to the structure of the substrate could be 
explained in terms of current theories,
(2) to obtain values of the kinetic hydrogen isotope effects and 
to see whether the changes could be qualitatively and quantitatively 
explained! in this respect accurate work over a wide temperature . 
range should assist in a fuller explanation of the problem
(3) to see whether curved Arrhenius plots could be obtained and nf 
so decide whether or not curvature arose from quantum mechanical 
leakage of protons through the energy barrier,
(A) to see in Cases where the isotope effect kj^/k^ IS large 
whether a graphical method can be used to separate the two rate constant 
when using a mixture of the protonated and deuterated substrate,
(5) to see whether the insertion of large quantities of salts into 
solution will in any way affect the ability of the base to abstract 
the proton.
CHAPTER 5 
EXPERIMENTAL
3.1. Theory
One of the most extensively used methods of measuring the rates 
of proton transfer reactions, especially when the compound is weakly 
acidic, is that of halogenation. Notable members of this group of 
oompounds are the nitroyparaf f ins, ketones and ketones ter s. The method 
depends on the fact that the meGhanism for such a reaction is one in 
which the rate is independent of the concentration of the halogenating 
agent, implying that the latter is not involved in the rate determining 
step. Further work has shown that the rate determining step is the 
ionisation of the acidic group which is then followed by the bromination 
of the anion formed. Provided therefore that the same compound can be 
labelled in such a way that the deuterium replaces the ionisable hydrogen, 
the method lends itself to measurements of the kinetic isotope effect
In addition, the radioactive properties of tritium ensure that 
that can be measured by following the rate of tritium loss from the 
compound.
Of the various methods available for labelling compounds with 
deuterium and tritium those which involve an excitation and/or an 
ionisation process resulting from the tritium radioactivity can not 
be applied to the deuterium synthesis. This is not as severe a 
disadvantage as would initially seem because these methods invariably 
lead to unspecific labelling and are accompanied by a large amount of 
degradation side products which results from the initial high activities
required. The methods are most useful in the labelling of complex 
compounds which can not be prepared by the customary synthetic routes.
The method of isotopio exchange takes advantage of the fact that 
a number of characteristic groups containing a hydrogen bond exchange 
the hydrogen extremely rapidly, in fact often so rapidly that equilibrium 
is reached before a separation can be achieved. Examples are all 
O H  bonds, nearly all N«H bonds and generally all atom-hydrogen bonds 
in which the atom has an unshared electron pair. Whilst the method 
offers an easy tool for labelling some compounds it is important to 
realise that the ease of removal of the label is directly related 
to the rate of labelling so that such compounds can only be used as 
tracers when exchange is unimportant or can be alloY/ed for.
Bearing in mind the objects of the work as previously expressed 
a study of the literature showed that
(a) acetophenone, being similar to acetone, for which appropriate 
kinetic data exist, was a suitable material to Investigate,
(b) a range of ring-substituted acetophenones are available, thereby 
ensuring that isotope effect data could be obtained for a range of 
reactivities,
(c) a survey of the literature indicated that no previous 
quantitative study of the base catalyzed exchange of acetophenones had 
been made although the influence of nuclear substituents upon the 
velocity of the acid oatalyzed bromination had been the subject of some
-41-
68,69
work* The mechanism of the enolisation of acetophenone had been
70
discussed by Bartlett and Vincent who measured the rates of chlorination
of a number of ketones.
43
Previous work on acetone had showed that the rate of deprotonation 
could be followed by reacting the ketone with alkaline solutions of 
bromine, the reaction being represented by
RCOCH^ + 30Br“ RC0(T + CHBr^ + 20 H
The reaction is zero order with respect to hypobromite and first order 
with respect to ketone and hydroxide ion concentrations* The rate 
determining step is the ionisation of the ketone,
RCOCf^ + OH - 4  RC0CH2 + f^O 
which is followed by the rapid introduction of three bromine atoms*
The bydroxide ion is the only basic catalyst present and as the ketone 
concentration is a small fraction of the hydroxide ion concentration
H •
k  [OH*] = 3 X 2*303 3- log (x - xa-.)/dt « « ~ (24)
OH
the factor of 3 arising because 3 moles of hypobromite react with one
of ketone* The x terms refer to the concentration of hypobromite at
H
time t and at infinity, and k  ~ is the rate constant for the tribronina-
0H
tion. The ionisation rate constant for the removal of the proton is 
therefore obtained by dividing the rate constant for tribronination
-42-
by 3.
Only in one case has deuterium been employed and this has been 
because of
(a) the large excess of DgO necessary to prepare the deuterated ketone 
(CgHgCora^)
O') the results would be complicated by the presence of a small but 
significant ’’secondary0 isotope effect*
(c) the low solubility of acetophenones in water made it necessary 
to add dioxan to the mixture, thereby increasing the possibility of having 
small traces of hydrogen remaining in the compound.
None of the above difficulties exist in the preparation of the 
corresponding tritiated compounds, and in alkaline solutions these are 
found to exchange their label at a measurable rate according to the 
general equation
• • • 03-
OH ,r o o c ^ t  + HgO — 4 rcoch^ + hto
The rate determining step is the ionisation of the ketone
k *■
Rcociy? + oh“  — rcoc€[  + hto.
and in this case can be measured directly by folloYjlng the decrease in 
the ketone radioactivity as a function of time* As the labelled ketone 
is present in trace concentrations
t T [o h "] = 2.303 a io g (c0/ c t ) /a t  -  -  ~ » (25)
OH
the C terms expressing the ketone radioactivity at various timeso
In order to obtain the required isotope effect, from the
H T
ionisation rate coefficients, k „/3 and k _ , it is necessapy to
OH OH
ensure that these refer to the compounds RCOCH^ and ROOCT^* ln other
words it is necessary to introduce a statistical factor of 3 &s the
ionisation rate coefficient refers to the compound RCOCIL,T. The
H rpisotope effect is then given by k /9 kT
OH OH3
3*2 Materials
The ketones were purchased commercially and an infra-red spectrum 
of each obtained and compared with the corresponding published spectra# 
In the case of the solids they were recrystallised to constant melting 
point; where any disagreement with the literature values existed a 
suitable derivative (e.g. oxime) was prepared and again the observed 
melting point was compared with the literature value# The boiling 
point of each liquid was determined and each was subjected to gas»liquid 
chromatography; the appearance of a single peak served to confirm 
the single entity of the particular compound. Table (3*1) gives a 
list of the observed melting and boiling points together with the 
corresponding literature values.
Deuterated water (> 99*1% ) was supplied by Norsk lydro-Blekrisch 
TfenXst-of A/S, and tritiated water (200 mo/ml) by the Radiochemical 
Centre, Amersham. Deuterated acetone ( a 99*3%) was supplied by CIBA 
Limited, Switzerland. The absence of any significant amounts of
TT
TABLE 3.1.
Boiling and melting points of ketones used together with 
the literature values*
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Compound B. Ft* (°0). M. Pt. (°C) Lit. value
Acetone 56 5 6 .2
Acetophenone 200 202'
P-nitro' 82 80—81
M-nitro 80. 81 80-81
0-nitro 108/2 mm. 139-140A2 mm,
P«cyano 50-52 60—6I
M-oyano
1 1 3 /1 2 mm.
98-99 98-99
P-chloro 124-126/24 mm,
M-chloro 225 227-229
0-chloro 1 1 3 /1 8 mm. I24/24 mm.
P-brono 52 51
M-bromo 131/16 mm. 127A4 mm.
0-bromo 98/4. mm. 113-114A1 mm
P«iodo 87 85
M-iodo 98/0.5 mm. 128/8 mm.
0-iodo 139A 2  mm. 142/12 mm.
P«fluoro 77A0 nn. 8oA ^  mm.
M-fluoro 238 238
Ofluoro S o / l6  mm 85A 6 mn.
P«methyl 235 225 /1 3 6 mm.
M-methyl 220 220
0-methyl 212 214
P-nethoxy 39 39
M^methoxy 240 240
0-methoxy 245 131A8 mm.
P^amino 110-111 110
P«phenoxy 50-51 45
hydrogen in the heavy water and the hexadeuterated acetone was confirmed 
by the absence of O H  peaks at their characteristic wavelength in the 
infra-red region.
Carbonate free sodium hydroxide was prepared by dissolving about 
50 grams of the solid in 50 ml* of recently boiled deionised water in 
a pyrex flask and transferred to a 75 ml. Pyrex tube fitted with a 
stopper which was covered with tinfoil. The system was allowed to 
stand until the solution became clear and approximately 7 ml. was 
pipetted out into a one-litre flask fitted with a soda lime guard tabe* 
This sodium hydroxide solution was then standardised using AnalaE 
potassium hydrogen phthalate,
AnalaR grade bromine was used throughout the work, this also 
being the case for the lithium, sodium, potassium and caesium bromides. 
Deionised water, boiled shortly prior to being required was also employed 
throughout the work.
The tritium labelled compounds were prepared by equilibrating 
approximately 3 grams of ketone, 0.1 ml. of tritiated water (specific 
activity of 200 mc/ml), 1-2 pellets of sodium hydroxide, and sufficient 
purified dioxan (refluxed with lead dioxide) to make the mixture 
homogeneous. At these concentrations of hydroxide ion (<^  0. 05 N) no 
condensation reactions occur and the system is allowed to stand at room 
temperature for between 1 and 2 days. The tritiated water is then taken 
up by adding a small amount of anhydrous sodium sulphate and the labelled 
ketone separates out (either as an oily layer or as crystals on cooling)
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when the dioxan solution is added to 200-300 ml, of water. The 
material is either filtered off and dried or separated using a 
separating funnel, and distilled.
3.3 Procedure
(a) Measurements of rates of deprotonation
As has been shown earlier measurements of the rates
of bromination are an indirect means of observing the rates of proton
transfer reactions. It has been customary to measure this rate by
estimating the amount of bromine present, by titration, after fixed
time intervals. Alternative methods, such as that due to Bell and 
72
Ramsden, in which the bromine concentration was followed by the redox 
potential of a platinum electrode relative to a calomel electrode, have 
been developed. Another method is based on speotrophotometric 
measurements and depends on observing changes in the concentration of 
a component, this being done by observing the change in absorption at a 
wavelength where interference from the other reactants or products is 
negligible or can be allowed for.
In weakly alkaline solutions bromine exists as the hypobromite 
but in more concentrated media the result is a mixture of bromide and 
bromate. Sodium hypobromite solutions are relatively stable and the 
ultra violet spectrum (Fig. 3*1) shows a broad band with a peak at 330
390 410370350330290 310
wavelength in mill imicrons
250 270
FI G. 31 ULTRA V IO L E T  SPECTRUM OF
NaOH -f NaOBr SOLUTION.
the extinction coefficient being 300# As the hypobromite is a
powerful halogenating agent its application in following the rates
41
of bromination is to be expected* Bell and Longuet«>HLggins have done
43
this and their method has since been adapted by Jones in such a way that 
the changes in hypobromite concentration are followed by observing the 
changes in the ultra violet absorption at 330 mjj, , there being no 
interference in this region from any of the other constituents of the 
system. A Unicam SP, 800 model, which allows continuous measurements 
of optical density at a fixed wave length to be measured, is employed 
throughout the work, the wave length in question being 330 mp. • In 
cases where the ketone solubility is very low the instrument is attached 
to a scale expansion unit thus enabling the changes in optical density 
to be measured more accurately. The range of concentrations of reagents 
employed were ketone 1«2 x IcT^ * M, hypobromite 2-3 x 10"^ M, hydroxide 
ion 10~ -» 2 x 10 M, the latter being the same for the detritiation 
runs where the time intervals between sampling were correspondingly longer,
0>) Detailed account
A known volume of standard sodium hydroxide solution and bromine 
solution were mixed in a 100 ml, flask and made up to the mark with 
carbon dioxide-free deionised water. The composition of the solution 
was such that when 2,5 ml. were placed in a 1 cm, silica cell in the 
reference beam of the spectrophotometer the optical density was in the 
range 0*8 - 1.2 units. The second silica cell contained 2,5 ml, of 
deionised water.
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The temperature at which the run was carried out was maintained 
at a constant value by pumping water from an adjacent thermostat at high 
speed through the cell housing which was itself heavily insulated* The 
actual temperature was measured by drilling a small hole in the stopper of 
the reaction cell through which a small needle, being one arm of a 
thermister arrangement was inserted* This was achieved in such a way that 
no interference with the light beam occurred, and the instrument was 
calibrated against a national Physical Laboratory standard thermometer.
The variation in temperature over the period of a reaction was not more 
than - *02°C* The ketone solution was prepared by adding approximately 
0*1 grams to 100 ml* of carbonate-free deionised water and the resulting 
solution maintained at the same temperature as the solution in the cell by 
placing the flask in the thermostat* The reaction was initiated by 
transferring by means of an Agla syringe a small quantity (0*1 ml.) to the 
reaction cell, the contents vigorously shaken and the instrument set so 
that a continuous reading of the optical density of the hypobromite solution 
is obtained (Fig, 3* 2)* When the runs were done at temperatures higher 
than 15°C the method of nixing did not alter the temperature by more than 
• 0.05°C but at lower temperatures the change amounted to - 0»2°C* To 
overcome this a small capillary was bent into the form shown (Fig. 3«3) 
and through a second hole in the stopper allowed to enter the reaction 
cell. The capillary was filled with the required amount of ketone and 
the other end attached to a tube from a nitrogen cylinder. By passing
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FIG . 3 * 2 .  Change in  o p t ic a l d e n s ity  o f  the hypobromite s o lu tio n  
du rin g  a t y p ic a l  run * h o r iz o n ta l l in e  corresponds  
to  the o p t ic a l d e n s ity  a f te r  the re a c tio n  is  complete
fFig. 3*3. Capillary tube for injecting ketone solution
into the reaction mixture
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nitrogen under pressure the ketone solution could be quantitatively 
transferred to the reaction cell* As the capillary tube and reaction 
cell are all contained, in the sane themostated housing no difference 
in temperature is recorded on nixing. Below 10°C and particularly 
near 3"4°0 condensation of water on the walls of the cell occurs and 
this was eliminated by passing a gentle stream of nitrogen through the 
cell housing. The infinity reading of the optical density was taken 
after ten half-lives had elapsed and in fact even after fifteen half- 
lives had elapsed no drifting in the reading was observed.
Several runs were nade by changing the hydroxide ion concentration, 
the latter being determined by titrating the initial hypobromite- 
hydroxide solution with standard potassium hydrogen phthalate, with a 
correction being made for the known amount of ketone added. The 
concentration of hydroxide ion formed during the reaction was such that 
changes in the concentration of sodium hydroxide could be neglected.
From the results as given by the change in optical density as a function 
of time, values of optical densities are taken and a plot of log 
(OD^ - OD^ against tine constructed as Equation (24 ) now taken the 
form
[Off] t = 3 x 2.303 loS10( ° V ODoo) /(®-r0Doo) - “ * (2g)
the optical density terns having replaced the aq terms given previously*
HThe slope of the resulting plot m s  measured and the value of k. »
Uxl
-SO-
obtained by substituting in Equation (26 )* A check on the accuracy
of the work was made by feeding the readings of the experimental points
on a programme to a Sirius computer, and the results obtained in terms of
a least squares analysis with the standard deviations incorporated*
The only reaction for which the rate of deprotonation was
measured which does not conform to Equation (26 ) is the bromination
of phenyl isopropyl ketone as the reaction involves the nonobromination
H
and the value of k „ is obtained from
Olf
[OH°]t = 2.303 los,- (OD - CD V(0Dt - 0D,„) - - - - (27)
q  JLU O OO w
The only difficulties encountered were with ortho~nitroacetophenone
the ultra«violet spectrum of which interfered with that of the hypobromite
ion, and para-aminoacetophenone, where on addition of the ketone solution
to the 0Br“ ~ Olf* solution, an intense yellow colouration was immediately
produced* This effect was taken to indicate that either ring bromination
or oxidation of the ketone had occurred* The former viewpoint is
supported by the fact that ring bromination occurs in acid media when
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using bromide or bromate* Evidence for the formation of oxidation
74
products has been given but is contradicted by the findings of Taube that 
oxidation of meta~ and para-aninoaoetophenones using HXO^ does not occur* 
Whilst the reproducibility of the results is excellent the accuracy 
of the values can be established in an indirect way as a number of workers
-£1-
have reported comparable values for the rates of aeprotonation of acetone 
in alkaline mediaj these are collected in Table (4*3)*
(c) Measurenents of rates of detritiation
Although measurenents of the rates of detritiation have been 
reported in the literature most of the work refers to strongly a,cidic 
media and for reactions of the kind under investigation in the present 
work only the results of Swain on the detritiation of a«phenyl« 
isocaprophenone, Shiner on the detritiation of 1 brono«2-phenylpropane, 
and Jones on the detritiation of acetone are available. In the first 
two cases the rate of detritiation is followed directly by measuring the . 
decreasing tritium content of the substrate as a function of timej 
separation difficulties made it necessary for Jones to measure the increase 
in the tritium content of the water.
Of the various methods of analysing the tritium content, the liquid 
scintillation method is nowadays considered to be the most suitable except 
when the sample is in the gaseous form or it is particularly effective as 
a quencher. As in the case of all instruments there are certain conditions 
under which the operation becomes most effective and for any counting system 
the conditions under which the period of counting for a given statistical 
deviation is a minimum corresponds to the optimum value. If & is the 
counting rate due to radioactive disintegrations of the sample and b the 
background rate, the minimum tine Tn required to determine s to a root 
nean square error of may be shown to be
-52-r
It follows therefore that the optimum conditions are those which give
2
a maximum value of s /b
(0 Detailed account
A stock solution of the labelled ketone was prepared by- 
dissolving approximately 0*5 grams in 2 litres of deionised water which 
had been recently boiled* 150 ml* of the labelled ketone solution 
were allowed to equilibrate in the thermostat (accuracy £ 0*03 ■* 0o05°C, 
with the temperature measured by a standard National Physical Laboratory* 
thermometer), before adding a calculated amount of sodium hydroxide 
solution. 10 ml. samples were withdrawn at frequent intervals and 
injected into tubes containing sufficient hydrochloric acid for 
neutralisation and 10 ml. scintillator [2,5 diphenyl oxazole (3*^ gA) 
in thiophene~free toluene]. After shaking and allowing the layers to 
separate, the toluene layer was extracted, dried over anhydrous Na2S0^ 
and 6 ml. placed in the counting vials which were of low content; 
a background sample was prepared and all were counted on the following 
day, thus eliminating any phosphorescence effects.
The tritium content of the ketone was analysed using a single^tube 
arrangement consisting of a refrigerated head unit (Nuclear Enterprises 
8301) attached to commercially available (Phillips) amplifier, high 
voltage supply, scaler and timer. The instrument was adjusted for 
maximum s /b and sufficient counts were taken for a statistical accuracy 
of better than £ 0#2yS. The decrease in the radioactivity invariably
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covered more than 60fa of the reaction and good first order plots were
obtained by plotting log against time. The results were again
analysed by a computer.
A considerable amount of difficulty was experienced in analysing
the tritium content of some of the labelled acetophenoness this arose
from the known failure of the liquid scintillation method to measure
the activity of compounds which possess the ability to severely quench
the light pulses produced in the scintillator* On the basis of a good
15
deal of experimental work Bayes and his associates were o,ble to
classify compounds as either diluters, or mild or strong quencherso
From this it seems that quenching arises either by virtue of the light
filtering effect of coloured substances or by interference by colourless
substances with the liquid scintillation process. The second effect
is difficult to remove but decolourisation can be achieved either by
using charcoal, a bleaching agent or distillation. Alternatively the
76 77
use of solvent systems, such as HPolyether 6ll" or Examine can be
employed to extract soluble material and at the same time precipitate
73
material which can be subsequently analysed by the Schoniger method. 
These techniques have therefore considerably extended the various 
labelled materials that can now be detected - these include such diverse 
and complex materials as blood, urine, animal tissues and plant roots.
The carbonyl group is a powerful quencher of light scintillations 
and the further introduction of groups such as amino, cyano or nitro
-5^
which are associated with coloured organic compounds suggested that the 
activity of the substituted acetophenones would be difficult to measure.
For accurate routine analysis and especially in cases where the differences 
in the radioactive content of a series of samples are small it was 
essential that the procedure be both simple and reproducible. We 
therefore extracted varying quantities of the ketones into fixed amounts 
of scintillator and the results are shown in Fig (3*^)* It is apparent 
that at the lower concentrations even the pasa'-aminoacetophenone had but 
a snail quenching effect. The divergence of the plot from linearity 
is in the order of quenching ability, i.e. NHp/NOg ^'QPh XacetophenonOo 
At the higher concentrations it became in some cases, virtually impossible 
to measure the radioactivity in a reproducible manner and on allowing 
to stand for some time the difficulty became worse, due probably to the 
formation of oxidation products.
The stock solutions of some of the ketones were therefore very 
dilute ( < 10~4 M*) and in some cases it was necessary to reinitiate 
the compound. All rate constants for the detritiation could be
JL
measured to within - 2f0 except the para«*iodo, which although a white 
crystalline material was nevertheless very sparingly soluble and the 
para«amino because of its intense colour.
(e) Measurements of rates of deprotonation-dedeuteration
The work has shown that values in the region of 5** 10 at
n D
o
25 are common. Because of these large values, and the further
o- PARA-AMINO.
o -  p a r a - p h e n o x y . 
®  - p a r a  n i t r o .
* PARA - CYANO.
A  - ACETOPH ENONE.
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Fig. 3*4* Quenching Effects of Acetophenones
*080
I
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difficulty mentioned previously, of preparing the fully deuterated 
compounds, it would seem possible that by employing a mixture of the 
protonated and deuterated substrate, the rate constants would be 
sufficiently different for the reaction to be considered in terms of 
two consecutive first order reactions and the individual rate constants 
separated by a graphical procedure*
If we take acetone and hexadeuterated acetone as the two 
substrates and denote the concentrations by
[CH3C0CH3] » A, [GD^OOGD^] « B, [Products] a C, 
and represent the reactions as
A ——■? \j 9
B c9
Then A = A e V
o
and G « A -A + B_ - Bo o.
where C 0D » A + B
o o
As acetone is more reactive than deuterated acetone
log B = log (C - C) = log B - (fct/2.303)
uu O 1)
From the slope of the plot of log (Cqq- C) against tine BQ and 
nay be determined and using this information A nay he calculated i*e.
A = C^«=» C « B and then log-j^ against tine results in values of AQ and
The experimental procedure was exactly the sane as for the 
bromination of the ketones given previously except the stock solution 
was made up using equal quantities of acetone and deuterated acetone*
CHAPTER 4 
RESULTS
4*1 Summary
The procedure adopted in the presentation of the results is 
that all the measured rate constants with the exception of those 
shown in Tables 4*2, 4.4 and 4*11 are given in Table 4.1* The 
subsequent division of the results into various tables containing 
the average rate constants is in accordance with the objects of the 
work as stated previously.
In view of the large amount of data presented it is not practical 
to give the experimental observations from which the individual rate 
constants are obtained. The procedure adopted is to take a set of 
measurements which constitute a typical bromination experiment and show
how the ionisation rate coefficient k i s  obtained. SimilarlyUxi
a detailed a "count as to how to obtain the ionisation rate coefficient 
T a^s0 a number of compounds have been studied with 
the view to obtaining accurate activation energies, one case of an 
Arrhenius plot is given in addition to that for phenyl isopropyl ketone.
TABLE 4.1.
Ionisation rate coefficients (l mole” min” ) for the 
ketones studied.
Substrate
<
Conditions Ionisation rate coefficients
k^ ~/3 kD —/3 or k^ - OH /:>9 OH 109 OH
Acetone 25°C in water k^h~/3 9*40, 9*43, 9*47, 9*43,9.47,9.42
1M NaBr 8.90, 8.33, 8.80, 8.30 :
2H HaBr 7*67, 7.87, 7*77
3M FaBr 6.73, 6.73, j
4M HaBr 5.78, 5.78-
2M kBr 9.10, 8.90, 9.10
0.5M LiBr 8.79, 8.74
1M LiBr 7.97, 7.80, 7.80
2M LiBr 5.97, 6.03, 6.03
Deuterated 25°C in water k0H~ /3 °-967' °*953' °*947' °*947
Acetone 1M-JSTaBr 0.867, 0.870, 0.900
2M EaBr 0.800, 0.806, 0.806
3M EaBr 0.730, 0.733, 0.747
4M NaBr 0.677, 0.637, 0.673
5M HaBr 0.603, 0.60
2M kBr 0.850, 0.850, 0.870
0.5M LiBr 0.880, 0.870
1M LiBr 0.810, .0.800, 0.800
i
21 L£Br 0.677, 0.680
i
I
j Substrate 
!
Conditions Ionisation rate coefficients 
H D T
kO H /3’ k0 i / 3 ° r  k0H
P«=*nitroaceto~
phenone
3.0°C 
11* 2 
16.2 
21*3
kH . 
OH 16.04, 15.50 
29.10, 28.90 
39.90, 40.40 
6o.40, 57.30
)5
0*1 trT
o h” 0.247, 0.255
10*1 0.580, 0.579
20*1 1.350, 1.410
25.0 2.130, 2.080
M*»nitroaceto«
phenone
25*0 k o V 3
4
58.0, 58.4, 58.4 
1.41, 1.36
P«cyanoaceto«
phenone
25.0 kH - A
OH. ^
4 -
57.6, 58.3, 57.3, 56.6 
1.45, 1.40
M«»Cyanoaoeto*»
phenone
25.0 4 - / 3
4 -OH
50.2, 51.2, 51.4 , 52.1
1.16, l.ll
M~bromoaceto*»
phenone
25.0
k0H"^
kT -
OH
30.9, 31.4, 31.2, 31.9 
0.685,0.675
P~bromoaceto«=»
phenone
25*0 *H V 3OH.
kT - 
OH
25.0, 24.0 
0.54, 0.55
Substrata Conditions Ionisation rate coefficients
kHr «/3 k° */3 or k T -  
0 E OH 0HJ .  ,  r , „ „  „ . ,
P-chloroaceto«
phenone
4.2°C
11.2
20.8
25.2
29.5
kH - 
OH
/3 4,82, 4.82
8.79, 8.46
17.20, 17.20,18.0o,17o6o
24.20, 24.20 
33.90, 33950
0.1 k T - 
OH
0.0506,0.0498
10.1 0.142, 0.135
20.1 0.330, 0.341
25.0 0.536, 0.543
29.5 0.764, 0.786
M«chioroaoeto« 
phenone
25.0
25.0
kH - OH
o h "
/3 34.3, 32.9,33.7,34.7,
34.0
0.80, 0.76
P*»iodoaceto~
phenone
25.0
25.0
kH - 
OH
kT -
OH
/3 22.5, 22.1
0.57, 0o6l, 0«53
M-iodoaoeto-®
phenone
i
25.0
25.0
i E
o h ”
kT . 
OH
/3 25.7, 25.7, 26.3 
0.6l, 0.6l
Substrate Conditions Ionisation rate coefficients
kmf/3’ kL " / 3 or kT -0H OH OH
| P«fluoroaoeto~ 
phenone
11.5°C
15.7
k0H*^ 5*68» 6.01 
8.53, 8.53
19.9 11.30,11.50
25.6 18.30,18.50
28.6 22.80,23»80
34-. 5 33.80,33.80
0.1 k0H~ 0 *0 2 9 5  >0o030Q
10.2 0.0827,0.0836
20.1 0.213, 0.214.
25.0 0.353, 0.352
29.5 0.469, 0.509
H~fluoroaceto“
phenone
25.0
25.0
k 0 E ^ 3 27* ° 9 27.7,27.3 , 26.5 
k0H“ °*63’ 0,65
P-methylaoeto”
phenone
7.7
20.0
k0H^ 3 2-47’ 2,57 ’ 2,55 
6.85, 6,73, 6,37
25.0 8.93, 9.82,10.1
30.0 13.50,14.10,14.30
35.0 19.40,19.60,20.00
0.1 Tk0H~ 0.0207,0.0197
4.37 0.0335,0.0330
! Substrate Conditions Ionisation rate coefficients
kH „/3, kD ~/3 or kT 
OH OH 0H”
P~me t b^ rlac e t 
phenone
20*X°0
25*0
35*3
48.9
OH** 0.150, 0.149 
0.208, 0.207 
0*506, 0.514 
1.620,1*4^0
M«ne t tQrlaoe t o« 
phenone
2.6
11*6
15*0
20*0
25.0
kH ~/3 
OH
2.30, 2.29, 2.29 
5*05, 5.00, 4*66 
6*50, 6.09, 6,05 
8.81, 9.10, 9.08 
13*20, 12.60,13.10,13*00
30*0
k «*
OH
I8.60, 18.50,19*00
0*1 0*0241,0.0239
9*7 0.0641,0.0644
19.9 0.1730,0.1740 J
25*0 0*2730,0.2720
30*6 0.4460,0*4400
40*1 0.996o s0.9940
03rfcho**me thylaoe t o« 
phenone
2.1
7.3
kpH -/3 5.94, 6.33, 6.37 
8.66, 8.21, 8.16
11*3 11*40, 11*00, 11*20
15*4 14®6o, 15*10, 15*20
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Substrate Conditions Ionisation rate coefficients
i
ko 7 3 ’ k? =/3 or k L"OH u“
Ortho«methylaceto-
phenone
j
20.0°C
25.0
30.0
ko V 3 20*6, 21.1* 21.2 
29.1, 29.5, 28.9 
41.7, 40.1, 41.2
\
4.7 kT -
OH
0.0785,0.0785
15.0 0.209, 0.209
20.0 0.334, 0.336
25.0 0.489, 0.490
1
j
35.2 1.320, 1.270 1
40.1 1*670, I.660 f1
i
44.9 2.830, 2.820
5
1
. . _ J
Acetophenone 9.7
13.4
20.7
25.0
30.0 
35.0
k0H"/3 4.64, 4*7, 4.69 
6.11, 6*20, 6.23
10.8, 10.3, 10.5 
14.5, 14,3,14.9 
21.4, 21.5, 22.2
29.8, 30.8, 30.8
I
|
1
|
i!1
0.1 Tlr .OH 0.0312
i
20.0 0.220, 0.218
25.3 0.334, 0.339
1
30.0 0.490, 0.490
j
i
35.0 0.825, 0.785
40.1 1*150, 1.130
45.2 1.810, 1.820
•
—Substrate Conditions Ionisation rate coefficients
k H ~/30 iT7 * k^ -/3 or ^  *”OH OH
B»methoxyaceto~
phenone
3.0°0
11.2
16,0
20.0
25.4
29.5
kH -/3
OH
1.53, 1.53
2.55, 2.55 
4.03, 4.00
5.56, 5.50, 5.56 
8.13, 8.19
11.90, 11.90
0.1 kT -0H 0.0108,0.0106
9.0 0.0265,0.0267
20.1 0.0882,0.0860
25.2 0.1520,0.1450
31.1 0.2530,0.2600
M-me thoxyace t o~ 
phenone
25.0 ko V 3
koiT
20.30, 19.40, 20.70, 
0.423 , 0.408
20.30
P«phenoxyaoeto«
phenone
25.0 ko V 3 7.41, 7.47, 7.56, 7.48
P~aninoaceto« 
phenone
25.0 k1 - 
OH 0.034, 0.047 1i
i
Substrate Conditions Ionisation rate coefficients
koif/3> k° «/3, or kT -OH OH
0“iocLoaceto«
phenone
25.0°C -/3
o k '
kT - 
OH
138
3.82,
136
3.86
0~bromoaceto“
phenone
25-0 k0H‘/3
k^ - 
OH
347,
3.66,
141, 141, 
3.38
140
O^nitroaceto*
phenone
25*0 k •
OH 3.45,
3*61
O»fluoroaceto»
phenone
25.0
25.0 kT -
0H
25.4,
0*686,
24.8,
0*663
23*1
O-ohloroaoeto-3
phenone
25*0
koif/^
kT .
OH
132, 134, 131, 131
O~methoxyaceto«
phenone
25.0 kH -/3
OH
13.6, 14.2, 13.5 
13.0, 13.2
kOH 0*279,0<.274
3
i
!
Substrate Conditions Ionisation rate coefficients
kH
oh"” ox oh"
Phenyl isopropyl 
ketone
3.0°C kH - OH 0.0071, 0.0071
13.4 0.0159, 0.0160
19.4 0.0226, 0.0230
25.4 0,0360, 0.0369, 0.0360
29.7 0.0525, 0.0520
34.3 0.0702, 0.0688
39.3 0.0948, 0.0950
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T&BLE 4.2
Optical density data for the bromination of the acetone- 
deuterated acetone mixture at 25°C.
TIME (Secs.) Optical
density
(Optical density)
(Optical density)^
login[Optical density),- 
(Optical density)^
0 1.485 1,005 0,0021
50 1.395 0.915 T.9614
100 1.320 0,840 7.9243
150 1.247 0.767 T.8848
200 1,190 0.710 7,8513
250 1.140 0.660 7,8195
300 1,100 0.620 7,7924
350 1.060 0.580 7.7634
400 1.027 0.547 7,7380
450 1.000 0.520 7,7160
500 0.975 0.495 7,6946
550 0.955 0.475 7.6767
600 0,935 0.455 7.6580
1000 0.840 0,360 7.5563
1400 0,780 0.300 7.4771
1600 0.755 0.275 7.4393
2000 0.715 0.235 7.3711
2400 0,680 0.200 75010
2800 0,650 0.170 7.2304
3200 0.625 0.145 7.1614
3600 0.600 0.120 7  0792
00 0.480
. . . . . . -- - ------ -------
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Time
(Secs
BP.D.V(0.D.yH+jr [(O.D.)t-(aE.)aj^ lo%0^ (°*3}^ t~^0#3:)#lo H+D ~ 
(O.D.)t - (O.D.^ D]
0 0.4802 T. 6814
200’ 0.2258 7.3537
400 0.1003 7.0012
600 0.0429 2.6325
800 0.0198 2*2967
O.D. refers to optical density 
t is the time
oo refers to the time after the reaction is complete.
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TABLE 4.3
•*1Summary of Ionisation rate coefficients (l mole*” min ) 
k f o r  acetone in alkaline media at 25°C, 
together with comparable results.
Substrate kH ./3OH /:5 k^ —/3 OH Isotope effect Reference
CH_C0CH_
3 3
OD COCD„
3 3. •......
9.1
0.93
9.8
43
CH C0CH„ 
3 3
CD C0CD„ 
3 3
10.2 42,
CH_COCH„ 
3 3
CD C0CD_
3 3
10.8
1.44
' 7.5
44
CH„C0CH„
3 3
CD C0CD„
3 3
CD„C0CD„-CH_C0CH„ 
3 3 3 3
9*44
9.24
0.953
0.944
9.91
9.79
Present
work
.. ---— -r ---1
TABLE 4.4
Independence of changing hydroxide ion concentration on
T oIonisation rate coefficient k^,- for para-methoxy acetophenone at 25 C*Uii
hydroxide ion cone* 
(gram.moles/litre
0.117
—
0.170 0.205
1
0.313 0.533 0.531
, T / - _ —1 - —1 \ k mole min ,
OH"
0.153 0.145 0.154
i—
0.154 0.166 0.152
i.! V
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TABLE 4.5
-.j —•) v u / T
Ionisation rate coefficients (l mole"" min ) k^g-/3 k^-
at 25^0 , pk values and vibrational frequencies for some 
meta and para substituted acetophenones, i;
j No•Substit­
uent
Pro- k^H-/3 
posed^-
. T T , . 79 ^  , , 80k^g Isotope pka : pkb
effect (benzoic) '• (acetophenones)
86
0 -j» 0
:tretching
1 p-n o 2 0.72 76.2 2.10 12. ii *3 3.43 7.94 | , 1700
t [ .r\
2 m -n o 2 0*60 58.2 1.38 14.oi ♦3 3.47 4 y 7.62 1701
p;. ■ } . ^
3 P-CN 0.595 57.5 1.42 13.5- .4 3.54
• -
? : A
l' ' r : r
4 M-CN 0.54 51.0 1.14 14.9± .4 3.66
/ >
-
' . - n  . . . ■;[
y  ; • • * ' j
' . ; ■ ■ 7
5 M r 0.43 31.3 0,66 15.3± .4 3.81 Xi
■ ■ h'
6.9 : N  1696; ' "'■■■■ JI . '1!
6 M-Cl 0.365 34.2 0.775 14. .5 3.82 7.01 1696: 1 • ; .-J
7 M-F 0.27 27.0 O.64 14.1- .4 3.86
■ ;:v
-
■
8 M-I 0,25 25.8 0.61 14.1- .4 3.85
•'
V-'v. - 1693
9 P-Br 0.23 24.5 0.545 15. oi A 3.91 ' 6.52 ■ 1692
10 P-Cl 0.215 24.0 0.540 14.8i •4 3.92 6.52 i 1693
11 P~I 0.18 22.3 0.575 - 4.02 -
: L
S
12 M-MeO 0.145 20,5 0.415 16.4i .4 4.09 6.70 1691
i
13 P-F 0*08 17.5 0.353 16.4i .5 4.14 6.06
i
*• .4
. -i
14 H 0.00 14.7 0.322 15.2i A 4.20 6.15
' - '.f 
1
15 M-Me 0.12 13.0 0.272 15.9i •5 4.27 6.02 1687,l
16 P~Me -0.19 9.64 0.206 15.6i .5 4.37 5.47
17 P-MeO -0.25 8.1 0.143 18.2i •5 4.52 • 4.81
1 -
i
j
18 P-OPh -0.29 7.5 - - -
. V-‘
- jl677
19 p .m 2 - - 0.04 - - - 1•1— ■*' J
TABLE 4.6
Ionisation rate coefficients (l mole"* min~ ) 
for acetophenones at various temperatures
Substrate Temp *(°C) kH - h  OH /:5
Temp* (°C) kT0H~
Para-methoxy- 3.0 1.53 0.1 0.0107
acetophenone
11.2 2.55 9.0 0.0266
16.0 4.03 20.1 0.0871
20.0 5.56 25.2 0.1490
25.4 8.16 31.1 0.2560
29.5 11.90
Para-nitro- 3.0 15.7 0.1 0.251
acetophenone
11.2 29.0 10.1 0.580
16.2 40.2 20.1 1.380
_____________
21.3 58.8 25.0 2.100
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Substrate Temp,(°c ) k0H~/3 Temp.(°C) kT -OH
acetophenone 9.7 4.68 0.1 0.0312
13,4 6.20 20.0 0.220
20,7 10.54 25,3 0.336
25*0 14.60 30.0 0.490
30,0 21,72 35.0 0.805
35.0 30.5 40.1
45.2
1.140
1.810
P-methylaceto-
plienone
7,7
20.0
2.53
6,65
0,10
4.37
0.020
0,0335
25.0 9.64 20.10 0.15
30.0 14.00 25.00 0.207
35.0 19.70 35.30
48.90
0.510
1.530
M-me thylaceto- 
phenone
2,6
11,6
2,30
4.90
0.1
9.7
0.024
0.0643
15.0 6.15 19.9 0.174
20.0 9*00 25.0 0.272
25.0 13.00 30.6 0.447
30.0 18.70 40,1 . 0.995 .
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Substrate Temp.(°c ) k0H~/5 Temp.(°C)
T
k0H-
Ortho-methyl- 2*1 . 6.25 4.7 0*0785
acetophenone 7.3 8.34 15.0 0.209
11*3 11.20 20.0 0.335
15*4 14.90 25.0 0,490
20.0 21.00 35.2 1*300
25*0 29.20 40.1 1.660
30.0 41.05 44.9 2.830
Para-fluoro- 11*5 5.85 0.1 0.0300
acetophenone
15*7 8.53 10.2 0.0832
19.9 11*40 20.1 0.2140
25*6 18.40 25.0 0.3530
28,6 23.30 29.5 0.4890
34.5 33.80
Para-chloro- 4*2 4.82 0.1 0.050
acetophenone 11.2 8.63 10.1 0.138
20.8 18.00 20.1 0.336
25.2 24.20 25.0 0.539
29*5 33.80 29.5 0.539
29.5 33.80 29.5 0.775
-■/V
TABLE 4.7
Summary of Activation Energy (k cal./mole) 
and A factor (l mole”* min” ) Data,
Substrate
e t % ET " \ log1 O^T l°g10^H
P~nitroacetophenone 13.77 11.62 2.15 10.40 10.39 1.0
P-chloroacetophenone 15.24 12.74 2.50 10.90 10.72 0*66
P~fluoroacetophenone 15.70 13.34 2.36 11*03 11.02 1.0
M~methylacetophenone 15.62 12.96 2.56 10.74 10.60 .73
Acetophenone 15.35 12.85 2.50 10.77 10.60 .68
P-methylacetophenone 15.43 12.88 2.55 10.64 10.43 .62
P~me thoxyac e t ophenone 17.02 14.04 2.98 11.85 11.19 <,22
0-methylacetophenone 15.25 11.85 3.30 10.89 10.16 .19
i
TABLE 4,8
Ionisation rate coefficients (l mole"* minr ) and Isotope effects 
at .25° for some ortho,substituted acetophenones, : . -
Substituent k0H*"/ 5
TV —
OH Isotope effect
t
i
\
0-nitro - 3.53 - |
0-chloro 132 ♦ -
\
0-bromo 142 3.62 13.0 - .3.
<
1
0~iodo 137 3.84 11.9 - .3 :
0-fluoro 25.1 0.675 12.4 - .3
0-methyl 29.2 0.490 19.8 ± .5
0-methoxy 13.5 0.276 16.3 - .4
—  -.-..j
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TABLE 4.9
Rates of ionisation (l mole*"^  min~^) of
phenyl isopropyl ketone at various temperatures.
Temperature (°C) io5/t (°k ) kH - OH
5,0 362.0 0.0071
13,4 349,0 0.0160
19,4 341,8 0.0250
25,4 335.4 0.0560
29,7 330.1 0.0520
34,3 325.2 0.0695
39,3 520.0 0.0940
Effect of added salt on the kinetic isotope effect 
kVk- for acetone at 25°C.
1
Concentration 
of added salt 
(Molarity) ko r / 3
k^ —/3 OH n Isotope effect
0 9.44 0.953 9.91
1M HaBr 8.53 0.878 9.72
2M NaBr 7.77 0.803 9.67
3M HaBr 6.73 0.737 9.13
4M HaBr 5.77 0.663 8.70
1 5M NaBri 4.76 0.603 7.89
!
2M KBr 9.0 0.857 10.30
0.5M LiBr 8.86 0.873 10.1
1M LiBr 7.87 0.803 9.80 .
2M LiBr 6.00 0.678 8.85
TABLE 4.11
Independence of changing hydroxide ion concentration on
TIonisation rate coefficient for para-methoxy acetophenone
at 25° in 2M sodium-hroniide*
hydroxide ion 0.505 0.429 0.3455 0.2623 0.135
concentration 
(gram, moles/litre
T
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H4.2 Calculation of Ionisation rate coefficient k g--/3 
at 21.3°C for P-hitroacetophenone
Time (Secs. ) Optical density (Opt.dens.-
!
( Opt. dens. log10[ ^ ^  •dens ^
(Opt.dens.) ] { CO \
20 0.855 0.550
\
1.7404 |
25 0.785 0.480 T.6812 )
30 0.725 0.420 7.6232 |
35 0.670 0.365 7.5623 [
4
40 0.622 0.317 T.5011 ;
45 0,575 0.270 7.4314
}
50 0.542 0.237
9
T.3747 *
t
55 0.507 0.202 7.3054 |
i
60 0.482 0.177 7.2480 1
i
00 0.305
!
■ 1
i!
Sodium, hydroxide concentration = 0,02895 H.
plot of login[(opt. dens.), - (opt. dens.) ] against time
•LU X 00
[Fig. 4.1] on analysis by computer gives the following informations-
Slope (mini) = 0.720 -  .0001.
Therefore JcL- = = 171*8 1 mole“1 min_1OH 0*02895
Hand the ionisation rate coefficient = 57*3
09
0 $
0 7
o-6
0-5
0*4
0*5
0*2
6'/
O'O
2 (
]
► 25 30 35 40 45 50 55 60
Tim© in  Seconds
TQr • 4 *1  P lo t  o f  1 + log: uoptdens ) -  (o p t den© ) a g a in s t
10 1 * * t  8 J
tim e f o r  th e  brom ination  o f  p .N itro aceto ph eno ne.
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T4.3 Calculation of Ionisation rate coefficient k^ 
for P-nitroacetophenone at 25°C
j Time (min)
!
Ketone radioactivity 
Cts/min. + background
Ketone
radioactivity
logloCKetone
radioactivity]
01
105100 102100 5.009
!
S
I ^\
84800 81800 4.913
\
6
68300 65300 4.815
!
I 9i 55600 52600 4*721
}
| 12
i
45100 42100 4.624
15 35600 32600 4.513
18 29200 26200 4.418
21 23700 20700 4.316
24 19600 16600 4.220
j CO 3000
Sodium hydroxide concentration^.0364 N.
Plot of log-jQ (Ketone radioactivity) against time [Pig. 4*2] on
analysis by computer gives the following information
slope (min*”^ ) = 0.0328 - 0.0002
Therefore k?L- = —  % 0*0328 = 2.08 1 mole*^ min"^
Uii U*U_,>o4
4.S
4 .5
4.2
4 .1
0 3 6 9 12 15 15
tim e in  minutes
FIG1. 4 .2  P lo t  of* log  (Ketone r a d io a c t iv i t y )  ag a in s t tim e
10 O'..
fo r  p .N itroacetophenone a t  25
2421
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4*4 Calculation of Arrhenius parameters for 0-methyl acetophenone 
The data given in Table 4*6 is subjected to a least square 
analysis using the computer and the results yield the following value 
for O-methyl acetophenone
Et = 15.25 -  .07 log10 Aj = 10.89 -  .07
Eg = 11.85 -  .03 log1Q JSg = 10.16 1 .04
H / TThe Arrhenius plot for and is given in Fig* 4.3.Uti Uii
H / D /4*5 Calculation of k^TT-/3 and k^T;/3 for the acetone-deuterated acetonerrT 'r"-UtL' ■■■■'"-.......      ' ” - T~...
mixture
A plot of log [(opt, dens.)^ - (opt* dens.JJ against time is 
constructed and it is linear except for a short interval in the beginning. 
The slope of this linear part corresponds to the rate of bromination 
of CD^COCD^* By extrapolating this line back to zero-time, the amount
of 0Br~ consumed by CD_C0CD„ alone in the curved region could be
3 3
calculated at different intervals of time. By subtracting the OBr"
consumed by CD^COCD^ from total 0Br~, the amount of OBr consumed by
CH^COCH^ could be obtained. A plot of log [OD^ . - log [OD^- 0I)J D
H
against time therefore yields k ^ -  .
o - b r o m i n a t i o n
©-DETRITIATION
300 310 320 330 ...340 . 350 360 370 1 ■ 380
io5/t XG .  V;
Pig. 4.3. Plot of 3+log10 k®H-/3 and 3+log koH- against 105/®
2800
T,ime in secs.
4.5 Bromination of (CH„C0CH_+CB^C0CD„) mixture.
® Plot of 3+log10[(0B)t-(dc)ro5] against time.
0 Plot of 3+log .j q (I (OD^- (01)^ ”^ ( 0D against time.
• (0D)t refers to optical density at time t. and (0D) 'optical
density after the reaction is complete.-
J
CHAPTER 5 
DISCUSSION
5«1 Results for acetone
Table A*3 shows that a considerable amount of work has been done 
and our results are in good agreement with those of other workers*
W
only the value of 7*5 for kj/kj) obtained by pocker being substantially
HS
different. This seems to be somewhat on the small size as Reitz 
reported a value of 7 for k^k^ in the acetate ion catalysed brominatior-j 
the hydroxide ion is a much more powerful base than the acetate ion* 
and as its function Is to facilitate the shift of the electron pair 
from the incipient proton to the carbon atom one would expect the rupture 
of the C H bond in the transition state to be more complete in the 
case of the hydroxide catalysed reaction. This would then help to 
bring out more fully the differences between the C ° H and C «• D bonds 
and therefore the isotope effect should be larger for catalysis 
hydroxide ion than by acetate ion*
Another factor contributing to the large value of the isotope 
effect stems from the fact that what is being measured is not strictly 
a primary isotope effect* In the hexadeuterated acetone what is being 
measured is the rate of deuterium abstraction from CD^COCD^ whilst in 
order to obtain the primary isotope effect one would need to know the 
rate of abstraction of deuterium from CH^COCiy)* A 0 - D bond is 
shorter and less polarisable than a C - H bond so that on average 
there is a higher electron density on the carbon atom in the C « D 
bond than in the C •* H bond. Consequently the rate of ionisation of
-81~
H from CD2H is smaller than that from a CH^ group* The magnitude of 
this effect is at present a natter of some uncertainty* Thus 
Streitweiser and ran • Sickle have found that the substitution of two 
deuterium atoms in the methyl group of toluene diminishes the rate of 
exchange of a third deuterium by 21$  i*e* there is a secondary isotope 
effect of 1*15 per deuterium and recently Bell and G-oodall have reported 
a similar value in the ionisation of nitroethane by hydroxide ions* In
b-5.
contrast a much smaller effect was indicated by measurements of tritium
abstraction from CD^COCD^T an& GB^COCH^T, the differences being 5 - 10^*
The results for acetone can also be compared with those obtained
for acetophenone* The replacement of one of the methyl groups in the
acetone molecule by a benzene ring should make acetophenone the stronger
81
acid (compare benzoic and acetic acids)* Kinetic investigations
32
suggest pK — » 20 for acetone whilst spectrophotometric studies yield 
an estimate of 19 for acetophenone, the experimental accuracy probably
not being greater than ■» 1 pK unit* A comparison of the ionisation
H orate coefficients k «/3 at 25 C taking into account a statistical
OH
factor cf two gives the ratio as 9:29 in favour of acetophenone.
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5*2 Variation in rates of ionisation of acetophenones
The reactivity of a parent compound is influenced "by the insertion 
of a substituent in such a way that the best explanation is to be 
obtained in terms of the availability of electrons at the reaction centre* 
Some reactions are facilitated by an increase in the electron density at 
the reaction centre and electron donating substituents therefore increase 
the rate; reactions involving the abstraction of a proton by a 
hydroxide ion would therefore be expected to fall into the alternative 
categoiy and this is found to be so in the ionisation of benzoio acids*
As the present series of reactions are analogous to the latter a 
satisfactory explanation of the variation in rates could be expected to 
follow on a similar basis*
Substituents are able to influence the electron density by
(a) polar or inductive effects which arise from the differences 
in electronegativities of the atoms forming the bond,
(*>) resonance or conjugative effects,
(c) sterio effects which become important only in the ortho 
position* As only the first two effects are important in the para-and 
meta- positions, whilst all three have to be considered for the ortho­
position the effects of substituents in the meta- and para- positions 
will be considered separately from the ortho- positioned substituents*
F o r the meta- and para- substituted aoetophenones electron
withdrawing groups like NOg# CN, halogen,exhibit negative inductive 
effects, i*e. decrease the electron density on the carbon atom of the 
functional group and thereby increase the acidity of the compound.
Electron repelling groups such as CH^, display positive inductive
effects and therefore decrease the acidity of the compound. The fact 
that the acetophenones containing electron withdrawing groups in the para« 
and meta- positions have a rate of ionisation greater than that of 
acetophenone is therefore to be expected, (Table 4,5 and Fig.5.1,)
The resonance effect operates via the % electrons in an unsaturated 
system and can be illustrated in the case of nitrobenzene where the two 
resonance structures
«  n  n  « |
\ +/  \ +/
N N
H It
+ /  v  ^
» ! ' JV
indicate that the substitution of a nitro group in a benzene ring 
results in withdrawal of % electron density from the ring^especially from 
the ortho and para- positions. It therefore follows that if an electron 
withdrawing substituent is present in a position para to the functional 
group it increases the acidity of the compound by decreasing the free 
energy of ionisation. The resonance effect is not of primary importance 
when the substituent is in the meta-* position because the positive charge
1.7
-p
1.3 +»
1.0
rH
W.P
-p
T.8
refers1 to detritiation. 0 refers to 
Numbers correspond to those given in Table 4.5
Pig. 5.1 Hammett Plot $ 
Bromination
-8ip-
is not distributed on the meta- position in any one of the resonance 
structures* Our results display the ejected trend of
- NC^* an& P- ClOm-CN* Conversely ih the case of electron
Substituents like F,01,Br,I, withdraw electron density by induction 
and donate by resonance and as the resonance effect is snail in the meta« 
position, the meta« halogen substituted acetophenones would be expected 
to ionise nore rapidly than the corresponding para« compounds, in 
agreement with the results*
Although variations in the rates of ionisation of the acetophenones 
are satisfactorily explained in terns of inductive/resonance properties 
contributed by the substituent, they are so weakly acidic that no 
accurate data of their strengths are available* Furthermore though 
not entirely unexpectedly in view of the different resonance and solvation 
factors involved no systematic relationship between the base strength of 
the compounds and their strengths as acids is to be found* A literature
S3
survey has shown only one such study in which a series of similar 
organic compounds have been studied both as acids and bases, namely the 
substituted benzoic acids* The results show that the base strengths 
are influenced in a manner nearly equal and opposite to the acid strengths* 
Assuming that this correlation may hold for the much weaker yet similar 
acids investigated here, an excellent linear relationship is found
between the logarithm of the ionisation rate coefficient for proton
abstraction and the base strength of the substituted acetophenones as
80
measured by Stewart and Yates (Table 4*5 and Fig*5*2). The maximum
displacement of any point on the least squares plot amounts to no 
greater than 0*2 pk units*
An approximate determination of the strength of these weak acids 
can be made by a method which is based on measurements of the rates of 
ionisation of a number of weak acids of known strength in water* In 
general the reaction can be represented as
HA + 1^0 A + H O
k2 3
and the ratio a°i& dissociation constant, k^ being the
rate constant for ion recombination* The corresponding hydroxide 
catalysed reaction is
HA + OH* «=£, A~ + H O  
* 2
84
Taking the data of Pearson and Dillon for those compounds whose 
structural resemblance to acetophenone is most marked (CI^COCH^, CH^COCHpCl, 
CH^COCHCgf^COrjCgH^j GH^COCHJH^OOCH^) a plot of logarithm (ionisation 
rate in H2O) against the known pKh is linear (Fig.5*$ over this range 
of acidity (pKa 12«2o)* Although theoretically there is no reason to 
expect a single linear relationship for the various type of compounds
1.8
1.6
.Cl
-p
1.4
1.2
o
1.0 .Hie
P-MeO
0*8
5.0 ! 6.0 7,0
Pig. 5.2 Plot of log,(ionisation rate coefficient kJL-/3) 
• k,
against PH) values of acetophenones. .
lo
g 
(
i
on
ls
at
ic
sn
 
ra
te
 
e
o
e
f
f
l
c
e
n
t
 
I
n 8.0
2 .-C H , COCH^C'l
3 . - CH, C0CHCri2
4 .- CH, COCHC-He C0„C\Ji
5 .- CH, COCHCH, C0CH
6.0
5 .0
pKa
12 14 16 13
F IG . 5 *3  P lo t  o f  a c id  pK values ag a in s t lo g  (: 
r a te  e o e f f lc e n t  In  w a te r) 10
10 20
Io n is a t io n
J
studied by Pearson and Dillon it is likely that the correlation will 
he best when a series of structurally similar compounds are taken. 
Furthermore, for the range of acid strengths taken the slope should be 
near unity but for strong acids it would tend to zero. If we accept 
that the ratio of the water and hydroxide catalysed rate coefficients 
should remain approximately constant we can by using this ratio, which is 
known in the case of acetone, obtain interpolated pKa values of 19*7 
(acetophenone), 18.9 (P-nitroaoetophenone) and 20*1 (P-methoxy aceto« 
phenone) as well as values in between the latter two for the other 
substituted acetophenones. The only comparable result is that of 19 for 
acetophenone previously quoted and a recently obtained estimate for pK
85
(acetone) between 19 and 20.
A number of investigators have shown that variation in rates can
frequently be correlated with the effects substituents have on the
frequency of an infra-red transition and from the work done it emerges
that this correlation is most precise and the interpretation of the shift
simplest when the reduced mass associated with the transition is largely
independent of the mass of the molecule. It is therefore particularly
fortunate that the acetophenones seem to be an ideal exanple because we
have a small group situated at the periphery of a large molecule. The
results as shown in Table A* 5 and Fig*5.5 strongly suggest that the same
combination of factors responsible for the shift in carbonyl stretching 
86
frequency, this being the overall electronegativity of the substituent,
2.0
1.5
o
CM
1.0
0.5
1680 1690
0 stretching frequency^cmg~1j
Fig. 5.4. Plot of 2+ log.0(ionisation rate coefficient 
.. w  ^ IU . OH*"
against carbonyl stretching frequency.
17001670
i*e. mesoneric and inductive effects..seen also to “be responsible for the 
changes in reactivity.
When the variation in rate is expressed in terns of two constants, 
cr(substituent) and £> (reaction), the resulting equation is that due to 
htanett and the defining process is taken as the ionisation of benzoic 
acid in water at 25°C. Despite the wide neasure of success it has
87
received, deviations are frequently observed and are sonetines attributed
■to changes in relative importance of resonance and inductive interaction
mechanisms; in some cases they are sufficiently familiar to warrant the
introduction of modified substituent constants cr" and ^ . An alternative
88
postulate due to Swain and Langsdorf shovjs that the reaction constants
are not independent of substituent constants and that a concave upward
curve should be obtained; this follows from their consideration that
a delicate balance between bond breaking and bond forming steps exist in
the transition state*
Our results show that the f&mnett plot in the deprotonation and
detritiation of the acetophenones (Fig* 5*3) exhibits distinct curvature
although within a narrow reactivity range the reaction constant (p)
deviates only slightly from unity* The basis of the wide application
of the Bunnett or values lies in the fact that the ionisation of meta
and para~ substituted benzoic acids in water is accompanied by changes in
entropy over nearly six units and by changes in enthalpy ranging over a 
o 89few tenths of a kilocalorie* in other wordstrrepresents an entropy
e»88-
rather than an enthalpy change and the entropy values are approximately 
in the order expected for an inductive effect. In our series however, 
both the energy of activation and A - factors vary (Table 4*7) an<i the 
curvature of the Hammett plot can be ascribed to the interplay between 
these two factors*
As the ionisation of the acetophenones is a process very similar
to the defining process, it would seen that it oould be used as a
secondary reference process and we have accordingly derived<rvalues for
the substituents in the customary manner from the results of proton
abstraction and these are given in Table 4*5* The values show systematic
90:
differences from those tabulated by Brown and McDaniel and should serve 
to improve the correlation between rate constants obtained from other 
reactions which involve a rate determining ionisation.
For the ortho«substituted acetophenones inductive effects will be 
particularly strong and in addition there can be steric a,nd direct field 
effects (dipole«»dipole interaction) between the substituent and the 
acetyl group. in view of this a certain amount of caution is necessary 
in any comparison made with the corresponding benzoic acids as the steric 
and field effects will now be somewhat different,in the one case the 
proton is being removed from a « COgH group, and in the other from a 
COCf^ group. m  addition there nay for the ortho*=» methyl and methoxy 
groups be a tunnelling contribution in the value for the rate of 
deprotonation (Section 5*4)*
-89“
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Studies on the infra red and ultra violet spectra of the ortho**
substituted acetophenones suggest that steric and field effects may both
act to stabilise preferentially one or other of the planar configurations,
0
nvr 0 6 “
v  ^  V
A - x  A s * 1 6
U  A /
cis trans*
or non-planar configurations in which the acetyl group is rotated with 
respect to the benzene ring* Clearly the position of equilibrium must 
depend on the approximate equivalence of the X ~ Cf^ repulsive forces 
in the largely steric structure and on the X .... 0 largely electrostatic 
repulsive forces* These in turn depend on the group X| in the oase of 
ortho-methyl the group is large and steric factors will be dominant, 
whilst the chlorine and bromine atoms are smaller and may not be large 
enough to contribute Van der Waal type repulsion with the acetyl group* 
This will surely be the case for the ortho-fluoro compound, but on the 
other hand the electrostatic repulsion between 5* .****0 will be greater 
than that associated with the heavier halogen compounds. The fact that 
the trend in the reactivities of the ortho compounds is v e ry similar to 
the para and meta series does however indicate that the main factor 
responsible for this is the inductive effect*
-9 0*°
3.m3. Variation in Kinetic isotope effects
The dangers inherent in any qualitative prediction of the position 
of the proton in the transition state, based on variations in kinetic 
isotope effect values as a function of the relative base strengths of 
the reactants, have been expressed by Leffler and Grunwald. In 
particular difficulties arise as to the exact value to be attached to 
the base strengths, even in the case of water which theoretically may 
be regarded as the simplest of bases experimental observations illustrate 
the uncertainty. The fact that RS~ ions are known to be kinetically 
stronger bases than RCf* in effecting bimolecular elimination although 
they are thermodynamically weaker bases further illustrate the difficulty* 
In general a reaction involving a rate determining ionisation 
process can be considered in terms of two bases struggling for possession 
of a proton.
B1H+ + B2 B2H+ + B1 .
In the series of reactions studied in the present work B^  is the ketone 
anion and the hydroxide ion catalyst. When B^  and B^ are of equal 
strength the proton in the transition state will be symmetrically 
situated with the force constant for the B^H and H-B^ bonds being equal 
and the proton moving in a force field between B^  and B^. As the real 
stretching vibration involves motion of B^  and B^ with the proton station*- 
ary, the frequency of this vibration will be independent of the latter*s
mass and therefore isotopic substitution should lead to a maximum 
isotope effect.
If we accept the estimated pK for acetophenone (19*7) and that for
water (from a purely formal stand point) as 15*7» then on this basis the
anion of the ketone is a stronger base than the hydroxide ion So that in
the transition state of the reaction the proton will be closer to the
hydroxide ion, with the result that a decrease in the reactivity of the
ketone will then make the transition state more symmetrical* This
explanation ?*ould therefore account for the observed trend (Table 4«5) »
the highest isotope effect being associated with the least reactive
ketones| in this case the position of the proton in the transition state
will be more symmetrical than in any of the other ketones* The highest
isotope effect is also associated with the reaction in which the activation
38
energy is greatest, in line with Wiberg1s statement. This kind of
qualitative explanation is also found to be satisfactory in the few
instances in which variation in isotope effects have been studied as a
54-
function of substrate. Thus the results of Stewart and Lee which exhibit 
a trend very similar to ours can be accounted for if it is supposed
p”
that the hydride ion is more strongly bound to Cro than it is in the
53 ^
carbinol* Similarly preliminary results for the nitroalkanes can be
explained on the assumption that the anions of these compounds are weaker
bases than the hydroxide ion so that the transition state should occur
51
before the proton is half transferred. The recent results of Bell a.nd
57
Crooks in which the anions of the substanoes used were all much stronger
bases than the water molecule can be explained on a similar basis*
Contrary to the findings of Stewart and Lee the correlation
between the magnitude of the isotope effect and reactivity is poor, as
also was the case in the results obtained by Bell and Crooks*
Xf (3 (Br/nsted constant) values for the ketones were available it would
have been possible to interpret the magnitude of the isotope effect as
a function of the extent to whioh the proton is transferred in the
transition state, as (3 itself has been interpreted in terms of this 
92
concept* In the absence of (3 values the magnitude of the isotope effect 
is be st correlated with the pK values of the corresponding benzoic acids 
(l'is-5.5).
Quantitative predictions of the value of the kinetic isotope 
effect are more difficult in view of the absence of a complete knowledge 
of the partition coefficients* In such a situation the best procedure 
is to make certain approximations which are likely to be valid. We have 
therefore adopted the procedure of assuming that the molecule behaves 
as a harmonic oscillator and that tunnelling is negligible| the 
transition state is taken to be linear and all bonds other than the one 
being ruptured are unchanged. The ratio of transmission Coefficients 
is also set to unity and the relevant equation is ( g ) given on Page 
(i? ) with a factor of 1/3 inserted in order to represent the ratio of
-,6 *“.4 -«2 0 *2 .4
dr- • , .
Fig, 5.5 Plot of log-jQ (isotope effect)/against Hammett value 
Numbers correspond to those given in Table 4*5*
symmetry numbers. All the terms except the frequencies in the transition 
state are obtainable and in the case where there is no bonding between 
the atoms undergoing reaction the total product term referring to the 
transition state becomes unity (Equation 7)» The table below 
summarises the activation energy and isotope effect data obtained at 
25° for acetophenone in the event of a stretching and/or bending vibration 
being lost* The observed isotope effect lies within the possible 
maximum as do the values for all the other ketones except ortho« methyl 
and para«methoxy acetophenone, these two cases being discussed later. 
Variations in the series of isotope effect values are likely to arise 
from two factors :•»
(1) variations in the C - H stretching and bending frequencies 
of the ketones> we accordingly measured these frequencies on a G-rubb« 
Parsons Spectromaster using CaE^ windows and the values recorded in 
Table show little change from one another.
(2) The predominant contribution is therefore likely to be 
associated with the zero point energies of the G - H and C - T bonds 
undergoing reaction. An analysis of the activation energy difference 
Ey ~ E jj shows that in all cases the experimental values are considerably 
in excess of that expected if all the stretching and in some cases even 
the additional bending vibrational energy were lost on activation. The 
discrepancy would be further exemplified if due allowance for the zero 
point energy of the transition state were made.
TABLE 5.1
Comparison of Theoretical and Experimental results 
for Acetophenone at 25°C#
Theoretical k / k  
H T
Stretc hing Bending Stretching - 
and one Bending
Experimental
6 .7 1.0 17.3 14.8
E^«Ejj (cals/mole) 1780
E «E (exptl.) 
T H
2500
Eor a satisfactory explanation to be forthcoming it is necessaiy 
to know whether the transition state can be viewed as a three component 
system R~... • • .H**,.. • .*0H"s if this is justified the potential energy will
93be lowest when the three components are in a straight line. Hawthorne 
et. al however reason that an attack by an electrophile on a G ~ H bond 
will be more efficient if it is made not along the extended axis but 
rather at an angle to it, resulting in the retention of the hydrogen 
stretching node in the transition state and thereby leading to low 
isotope effects. In view of the large isotope effect obtained in the 
present work and since it is unrealistic to visualise any configuration
**9 3**
that would require loss of all the zero-point energy in the transition
state, it is probable that most of the zero-point energy due to
stretching is lost* The remaining difference ( 800 cals/mole)
cannot be accounted for by the loss in the zero-point energy of the
bending vibrations, as the stretching and bending vibrations are normal
to one another, and the fact that the bending frequencies of strongly
921-
hydrogen bonded atoms are very nearly normal e.g. in FHF it is 1225 cm 
reinforces the conclusion that the bending zero-point energy will be 
largely conserved in the transition state* One possible explanation 
is to be found in the fact that the movement of the proton is 
concerted with other changes in the molecule and consequently a 
modification to the simple three-centre model would be necessary*
There is also the question of the importance of tunnelling.
«96«»
5*4 Tunnelling
Of all the acetophenones studied none satisfy the following 
requirements in full
(a) yield a curved Arrhenius plot
(b) give abnormal E - E values
T H
(c) ratios outside the classical limits specified*
(d) unusually large isotope effects.
The most sensitive of these is the A®factor ratio and Table 4.7 summarises 
the data obtained from which it can be seen that in only two cases, 
namely ortho® methyl para® methoxy acetophenone does the ratio of A^A^ 
fall outside the limits specified. Insofar as these two compounds also 
give the highest values of the kinetic isotope effect the result
is satisfactory. furthermore the lowest point in the Arrhenius plot 
for the deprotonation of ortho® methyl acetophoione (fig.4.3) is displaced 
in the direction indicating tunnelling, i.e. rate is higher than expected* 
The increased value of£E (3*3) as compared to values in the region of 
2*5 K. cal/mole obtained for most of the other ketones is also consistent 
with the above.
On the basis of these results it was considered opportune to. 
calculate what the quantun mechanical activation energy E and the
23
width of the energy barrier (2a) would be. Bell*s treatment based on 
Consideration of a one dimensional parabolic barrier has been adopted, 
the quantum correction Q being
* 2 ^ A.
where a = E /&T, (3 s 2n a( mE )/n, h being Planck* s constant* Values
$
of E and a were obtained by a method of trial and error to give the
#
best fit to the experimental results, the final values being E « 12*3
o
K cal/mole and 2a = 1.22A. The value of 2a is of the sane order as
those expected from the bond lengths and Van der ‘Waal*s distances, viz, 
o
1*35A for type CH*..*0 or C.***BD and is in good agreement with those
61;
tabulated by Caldin for a number of similar reactions* The ratio 
*
E/E  (0*97) indicates the small contribution due to tunnelling* These 
results however are subject to certain limitations and in particular no 
great emphasis can be placed on the absolute value of 2a in view of the 
assumptions made* Sone workers believe that the actual energy barrier 
is probably bell-shaped and that the equations used above may overestimate 
the tunnelling correction at low temperatures* The values of 2a 
derived from experiment are also subject to sone uncertainties* The 
values will be too large if solvation changes, or electronic reorganisation 
and consequent changes of configuration, contribute to the activation 
energy, whilst the reaction energy barrier is always assumed to be 
symmetrical so that^H is zero* All these factors tend to make the 
calculated values higher than if the correct equations were used and 
any attempt to attach undue significance to small changes in the values 
of 2a and especially in relation to such factors as the atoms between
which the proton is transferred, or the groups attached to these atoms, 
is likely to he premature*
An explanation as to why the true rate constants for ortho- 
methyl and para- methoxy acetophenone may include a tunnelling 
contribution probably results from a combination of several factors* 
Firstly the qualitative approach suggests that for the less reactive 
ketones the proton in the transition state will be nearly symmetrically 
situated and this is likely to be the most probable position for 
tunnelling* Secondly both methyl and p-nethoxy have electron repelling 
properties which tend to oppose the formation of the negative charge 
on the ionising acetyl group* In the case' of ortho- methyl there is 
a further contribution, namely the importance of a steric effect and 
in particular the repulsion between the two methyl groups which may 
act to preferentially stabilise one or other of the two planar configura­
tions mentioned previously*
3*5 Results for phenyl isopropyl ketone
This work was done in order to see whether the rates of ionisation 
at a number of temperatures would follow the pattern obtained in the
63
recently reported work on di-isopropyl ketone where the most probable 
reason for the marked curvature of the Arrhenius plot was ascribed to 
the quantum mechanical leakage of protons through the energy barrier*
Our work established that one atom of bromine is taken up per
mole of ketone and although water is present in large concentrations 
it is such a weak "base that no contribution from solvent catalysis 
occurs. The results are given in Table 4.9 and Figs, 5.6 gives the 
resulting Arrhenius plot, which as in the case of di-isopropyl ketone 
exhibits curvature below 30°C. Ths non-linearity is such that no 
attempt was made to force a fit to an Arrhenius type equation but 
rather that the results can be considered as two separate plots, one 
above 30°C and the other below. The same procedure was applied to 
the data of Hullet and the results are to be seen in Table 5®2.
TABLE 5.2
Activation energies and A factor data for di-isopropyl ketone 
and phenyl isopropyl ketone.
Ketone Temp, range °C "*1A(l mole"” min” )
A
E(K cal mole’*’ )
di-isopropyl 0 - 3 0 1.9 x 108 12.63
. ______________ _...__.J0.-5_Q_______ 1.95 x 109 14.03
tritiated di-isopropyl 0 - 4 0 2.2 x 108 13.13
40 - 57 6.5 • x 1012 19.5
Phenyl isopropyl 0 - 3 0 1.6 x 108 13*15
30 - 50 1*8 x 107 11.90
310
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The bromination results show very clearly the similar behaviour
of the two ketones, the ratio A /A- being ^10 and E - E.' upper lower upper lower
being 1.4 - 1.25 k cal/mole. Conclusive evidence as to the reason for 
this unusual behaviour is difficult to obtain but the results taken in 
conjunction with those of Jones for the detritiation of di-isopropyl 
ketone indicate that it is unlikely to be the result of quantum mechanical 
tunnelling as the activation energy would gradually tend to lower values 
as the temperature was reduced. In addition the reported value of 
kg/k^ , (2) is unusually small and nearly constant over a temperature range. 
The small activation energy difference E^ - of 500 cals/mole is also
in sharp contrast to that reported for acetone (2900 cals/mole.)*
Of the other possibilities likely to yield non-linear Arrhenius 
plots the idea that this may arise from a specific interaction such as 
that between a hydroxide ion and water, can be discounted as it would be 
most likely at the lower temperatures where the hydroxide ion is greatest 
and would be expected to yield curvature in the opposite direction to 
that actually observed. In any case the fact that no such behaviour 
has been observed in the many similar reactions studied previously 
seem to confirm the justification of rejecting the idea. The same can 
also be said of the variation of the enthalpy of activation as a function 
of temperature where it is customary to analyse the results in terms of
log k =s -A/T + B log T + C 
where A = *. ABT/2.303R,
E = A c p/R  + 1
C = (AS^ -ACj/ ) /  2.303R + io e 10 k /h
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For such a variation every reported case concerns neutral or
diffusely charged reactants (one of which is often a solvent molecule)
interacting to give a markedly polar transition state and the magnitude
1 1
of dE/dT (usually -50 - 100 cal mole" deg" ) is considerably less than 
that achieved in the present work, and would not result in the sharp 
discontinuity observed.
One further possibility is that the reaction does not fall into 
the category of a simple proton-transfer reaction and that an alternative 
route is favoured at the higher temperature, this having the greater 
activation energy. At this stage it is difficult to conceive of two 
such routes which might govern the present reaction.
A comparison of the di-isopropyl and acetone results shows that 
the slower rate of reaction of the former, even allowing for the smaller
number of ionisable protons available, is mainly due to the much lower
10 8 frequency factors (10 for acetone as compared to 10 for di-isopropyl
ketone). Although the inductive effects of the neighbouring methyl
groups (electron repelling characteristics) will contribute to the
lowering of the rate the primary effect is likely to be steric in origin,
resulting from the ability of the methyl groups to hinder the approach of
the hydroxide ion. This effect is likely to be more important at
higher temperatures where the frequency of the bending vibrations of the
methyl groups increases^ if this is true it is likely to have the effect
of increasing the height of the energy harrier. Supporting evidence 
stems from a consideration of the low isotope effect as this is usually 
the case when the relevant bond is bent rather than stretched, because the 
bending force constants are approximately l/lO of the stretching values 
and therefore the zero point energy lost in the transition state is 
small. The low values obtained (2.0) are in sharp contrast to
the much higher values for acetone (lO) and at still higher temperatures 
a stage would be quickly reached where the values no longer correspond 
to those expected for a rate determining C — H (d ) cleavage. Furthermore 
the large differences in the kinetic isotope effect suggests the need to 
take into account in any qualitative treatment of this kind the chemical 
aspects and structure of the transition state.
We can therefore conclude that for reactions involving removal 
of a proton from an isopropyl group or any other ionisable group in 
which steric effects are important the Arrhenius type plot may appear 
as two separate linear sections and it would be interesting to see 
whether this behaviour were repeated if the steric requirements become 
more important.
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5.6 Ipn-Pair formation in concentrated salt solutions
As previously mentioned this work stemmed from a desire to study
some reactions especially those with a high isotope effect at room
temperature, at low temperatures in case curved Arrhenius plots could he
obtained. Rather than consider rate measurements at one concentration
it was decided that a number of salts each covering a concentration range
be employed and the results are to be seen in Table 4#10 and Figs#5#7 and
The results show that large concentrations of salt are required
in order to change the values of the ionisation rate coefficients in the
absence of salt and that the magnitude of the effect is in the order
K<Na'vLi, as also is the trend in decreasing isotope effect values.
The implication of this, since the isotope effect should remain unchanged
provided the base is the same, is that the catalytic activity of the
base is being affected and it is significant that the order K<Ra <CLi
is the same as the dissociation constants of the hydroxides, the values
96
reported in the literature for log K = log amaQ-g
amOH
where m is K, Ea or Li are 0,08 for Li, 0.7 for Ra and KOH is taken as 
completely dissociated#
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As a reaction between a molecule and an ion should proceed at 
a rate that is independent of the ionic strength, it does seem that 
an explanation of the results may be forthcoming on the basis that 
the reacting ion associates with some of the other ions present*
This kind of approach has in fact been used in order to determine 
dissociation constants from kinetic measurements the first reported
97
case being that of Bell and Prue who studied the decomposition of
diacetone alcohol catalysed by hydroxide ions. The apparent rate
constants were almost the same when rubidium and potassium hydroxides
were used and extrapolated to the same value of kQ at zero concentration,,
but with other hydroxides lower rates at finite salt concentrations
were obtained although again the extrapolated value was equal to kQ«
It was therefore assumed that only the free hydroxide ion was
catalytically effective and on this basis they were able to derive
dissociation constant values* Together with further work on the
98
reaction between nitroethane and hydroxide ions in the presence of
+ 2+ 2+ + 99ha , Ca , Ba and T1 ions and diacetone alcohol hydrolysis in 
the presence of Co(KH^)g(0H)^, it is now possible to
•105^
summarise these values 
(a) NaOH,v5,
(t>) Ca(0H)+ = 0.05 - 0.35, 
(o) Ba(0H)+ = 0.3 - 0.2X,
(a) TXOH = 0.38 - 0.34,
(e) Co(NI^)g(0H)2+ = 0.034
For the dissociation constant expression
a am OH K s log  --
am0H log f2[tn] [OH]
if we introduce activity coefficients and rearrange - = log a
mOH
am0H = Cm0H] = X
f +([m] - x)([OH0 -x )
T T
. .  --------    ss x
K
2where T refers to the total concentration„ f oan be taken as a close"T"
2 ~
approximation to y , £or the salt at the appropriate concentration and
T
values can be obtained from the literature* Xt is therefore possible. 
to obtain values of x at each salt concentration studied* The results 
are collected in Table 5*3*
TABLE 5,3 .
Percentage association in concentrated salt solutions
Substrate Salt
CH^ COCI^
CD^ COGD^
CH^COCf^
GD^GoCD^
Concn. » - 
of salt 
(Molarity)
+10° K/f2 [oh]
T
X fa k f >'•]
(observ 1 (corrected)
9 .h k
LiBr 0.5 - 0.753 2.12 .0522
HO
O 
»
19.1 0.873l;
L
- 1.0 0.803 1.86 .0677 .0237 35.0 0.803
*• ifBft 2.0 1.015 1.17 .1033 .065 63.1 0.678
NaBr 1.0 0.687 10.62 *0317 .0028 7.0 8.53 1f
mm 2.0 0.731 9.38 .0318 .0061 19.3 7.77 [
- 3.0 0.812 7.60 .0318 .009 28,3 6.73 I
CE» 4.0 • 0.929 5.81 .0318 .0129
r
40.6 5 .1 7  |
- 5.0 (0.9777)5.25 .0347 .0169 48.7 4.76 [
- 1.0 ; 0.687 30.62 .09492 .0081 8.6 .878j
ma 2.0 0.731 9.38 .09492 #0l66 17.6
f
.803
£
- 3.0 ■ ? 0.812 7.60 .09492 .0267 28.3 .737,'
c=* 4.0 . . 0.929 5.81 .09492 .0384 40.7 e 663 f
«* 5.0 (0.9777)5.25 .09492 • 04^ 48.7 .6031
LiBr 0.5 . 0.753 2.12 .00957 .00118 19.1
VOCO*CO 10.9
1.0 ■; 0.803 1.86 .0159 .0055 34.9 7.87 1
IS. • .1 ; ■
12.0
mm 2.0 * 1.015 1.17 .0158 .010 63.2 6.0 16.4
-> 0.0 mm - mm •
\
0.9531 mm
, 1. 08 
1.24 
1 1.84 
9.35 
9.60 
■9.35 
9.70 
, 9.3
•; .96 
•; .475 
: 1.03 
51.11 
1.17
-10?
The data is best illustrated by plotting percentage association as a
function of the decrease in rate constant and it can be seen (Fig* 5*9)*
that the results for the NaBr series can be interpreted on the basis of
[Na,0H] having zero catalytic effect, the rate being approximately* -
proportional to the free hydroxide ion concentration. This is also
reflected in the values of the rate constants as corrected for the
amount of ion«pairing. The LiBr points show a different trend and
in the case of a 100$ association the rate constant has been reduced
by 5o$ as compared to the 100$ in the NaBr series-i in other words the
[Lij0H] ion pair does possess some catalytic activity. This behaviour
101
is in line with the findings of Bell and Waind who studied the catalytic 
effects of Ca, Ba, and 2n salts of organic acids on the decomposition 
of nitramide, this reaction is similar to the present work in the sence 
that the rate determining step is the abstraction of the proton. 
Calculations of the dissociation constants based on the assumption that 
the ion pair had no catalytic effect:gave values which were considerably 
higher than those obtained by other methods. On the other hand it is 
difficult to see why the [Na, OH] ion pair has no catalytic activity 
and yet the[Li,0H] ion pair has, although not as much as the free 
hydroxide ion. One possible reason lies in the value of K for the 
lithium bydroxide. Xf instead of logK = 0.08, a log K value of 0*37 
is used the results fall on approximately the same line as given by 
the NaBr series. Further work on such hydroxides as those of calcium
CH_COCH_ in NaBr
CD_COCD_ in NaBr 
3 3
CH_COCH_ in LiBr
. 3 3 •- . ,
CD^COCD, in LiBr
100
80
20
20 40 60 80 100
io association '
Fig# 5*9* " Plot of io association against the
decrease in rate constants expressed as a percentage
-1q8~
and magnesium would very likely resolve this problem# The change in 
rate constants at 2 molar KBr is very small and this can be taken as 
evidence that KOH is a stronger base than either NaOH or LiOH.
Except in the case of KBr where the isotope effect is 4$ higher 
than the value at zero salt concentration (no significance can be 
attached to this small difference in view of the fact that the uncertainty 
in the individual rate constants is around - 0* 5 $ ) } the corrected 
values of tend to fall with increasing salt concentration, the
decrease being most pronounced in the LiBr series# Whether this effect 
is a result of some inadequacy in the association theory or whether it 
results from such effects as the hydration of the cations (Li* being 
particularly strongly hydrated) is not- as yet understood#
This is the first occasion in which the use of concentrated 
salt media has been employed in order that the decrease in reaction 
rate can be equated to the amount of catalyst existing as ion pair#
This method is preferable to previously used procedures as here the 
conclusions drawn are based on very small differences in rate constants# 
Thus our results as given in Tables 4#4 and 4*11 would not have allowed 
us to estimate a value of K even though the hydroxide ion concentration 
was varied fivefold#
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